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This dissertation documents the development of a computational procedure
and its application to the analysis of suction caisson behavior under axial and
inclined loads. The study is a part of a comprehensive research project on
improving current understanding and developing effective procedures for the
design of deep-water anchors.
A suction caisson is a hollow cylinder capped at the top. In deep-
water applications, it is lowered and allowed to penetrate the seafloor under
its self-weight, and then pushed to the required depth with suction applied by
pumping water out of the caisson interior. Use of suction caissons as foun-
dations for deep-water offshore structures and anchors for mooring lines has
been increasing in the last decade.
viii
Although researchers are attempting to understand behavior of suc-
tion caisson by means of field tests, laboratory tests, and numerical simula-
tions, several issues and uncertainties related to capacity estimation and failure
mechanisms are still not resolved. The objectives of this study are to develop
a computational framework for the simulation of suction caisson behavior con-
sidering axial as well as inclined loads and including effects of both self-weight
and suction installations, and verify the development by conducting simula-
tions of laboratory tests carried out by fellow researchers on caisson models at
The University of Texas at Austin.
The procedure developed in this work is applicable to the axisymmetric
problems of caisson installation and pullout under axial load. Water-saturated
porous finite-elements are used in the representation of the soil domain while
the caisson is discretized using solid finite-elements. Nonlinear behavior of
the clayey soil is described by means of a bounding-surface plasticity model.
The soil-caisson interfaces are modeled with a contact algorithm based on a
slide-line formulation. Various remeshing tools are developed to eliminate the
need for a priori specification of the caisson penetration path. The developed
formulation is used to obtain results for slurry consolidation, caisson installa-
tion, reconsolidation or setup of soil following installation, and caisson axial
pullout.
Three-dimensional caisson models subjected to horizontal and inclined
loads are analyzed using the ABAQUS/Standard computer program. The
deformed geometry and state of the caisson-soil system obtained from axisym-
metric simulation of the installation process are specified as initial conditions
to carry out the three-dimensional analysis.
The computed behavior of the caisson is compared with laboratory ob-
ix
servations. Computed axial as well as horizontal load capacities match well
with measured capacities from the laboratory tests. The interaction between
ultimate horizontal and vertical loads is computed. In general, good agreement
is found between calculated and measured caisson behavior, thus verifying the
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Development of a computational procedure and its application to the analysis
of suction caisson behavior under axial as well as inclined loads is presented
in this dissertation. Depending on caisson geometry and usage, terms such as
caisson pile or anchor, bucket foundation, and skirted foundation or pile are
used in the literature to refer to the caisson structure. Suction caissons are
hollow cylinders with the top end capped. The aspect ratio of a caisson, defined
as embedded length divided by diameter, typically ranges from 4 to 12, with
the outer diameter ranging from 10 to 20 feet, and the wall thickness generally
between 1 to 3 inch and, in some applications, varying (in stages) along the
length of the caisson. Circumferential and/or vertical stiffeners are sometimes
added to provide the required stability to the caisson during installation. The
geometry of a typical caisson anchor is shown in Fig. 1.1 (only half of the







Figure 1.1: Typical (half) geometry of a caisson anchor.
During installation, the caisson is lowered to the seabed with the valves,
located on the top cap, open. The caisson is first allowed to penetrate the
seabed by self-weight. The butterfly valves fitted in the large holes of the
top cap are designed to allow free flow of water through them without creat-
ing overpressure in the interior of the caisson during self-weight installation.
When the penetration due to self-weight ceases, the valves at the top are closed.
Pumps are then attached to the smaller valves located at the top to remove
water trapped in the caisson interior. Underwater operations such as moni-
toring and controlling of valves and pumps are performed using a Remotely
Operated Vehicle (ROV) at depth. Removal of water by pumping produces
negative pressure in the interior of the caisson. Additional downward pres-
2
sure, equal to the difference between the reduced pressure in the interior of
the caisson and water pressure surrounding the caisson, acts on the caisson
and drives it to required depth in the seabed. Installation of the caisson by
pumping water from the interior is known as suction installation. The caisson
installation sequence is shown in Fig. 1.2.
Self-weight
installation








Figure 1.2: Caisson installation sequence.
The use of suction caissons as foundations for deep-water offshore struc-
tures and anchors for mooring lines has been increasing in the last decade.
Caissons used as foundations for a Tension Leg Platform (TLP) are shown
in Fig. 1.3 while caisson used as anchors for catenary and taut mooring lines
securing an FPSO (Floating Production, Storage and Offloading) facility are
depicted in Fig. 1.4. Suction caissons are an attractive option with regard
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to providing anchorage for floating structures in deep-water as they offer a
number of advantages in that environment. They are easier to install than
impact-driven piles and can be used in water depths well beyond where pile
driving becomes infeasible. Suction caissons have higher load capacities than
drag embedment anchors and can be inserted reliably at preselected locations
and depths with minimum disturbance to the seafloor environment and adja-
cent facilities. Sparrevik (Sparrevik, 2001) estimates that there are as many


















Figure 1.4: Caissons used as anchors for catenary and taut mooring lines.
Loads acting on caisson foundations and anchors are combinations of
permanent (static) loads, cyclic loads at frequencies resulting from wind load-
ing and from loop currents. For caissons used as foundations for a floating
offshore facility, such as tension-leg platform (TLP), the cables or tendons ex-
tending from bottom of the facility are attached at the center of the caisson
top plate and, therefore, a nearly vertical load is transmitted to the caisson.
On the other hand, for caisson anchors, the mooring line is generally attached
through a pad-eye which is located at about two thirds of the caisson length,
thus transmitting horizontal loads (catenary mooring lines) or inclined loads
(taut mooring lines) on the caisson anchor.
The capacity of suction caissons in holding tensile loads results from
the combined effect of the following components (Albert et al., 1987):
5
1. Passive suction developed under the caisson sealed cap;
2. Self-weight of the caisson, foundation template, and ballast (if any);
3. Shearing or frictional resistance along the caisson-soil interfaces;
4. Submerged weight of the soil plug inside the caisson; and
5. Reverse end bearing capacity, calculated by reversing the role of the
vertical (overburden) stress in bearing capacity equations (Rauch, 2004).
Resistance against short-term axial pullout is obtained from develop-
ment of the passive suction and friction along exterior interface between caisson
and soil. In the longer term, dissipation of suction transfers pullout force to in-
terior caisson-soil interface and complete dissipation of the pressure may result
in complete or partial withdrawal of the caisson. Therefore, capacity of caisson
under long-term axial pullout loading is governed by shearing resistance along
the caisson-soil interfaces.
1.2 Literature Review
The first experimental study on suction anchors to evaluate their feasibility
was reported by Goodman et al. (1961). Since the 1970s, several researchers
have worked to obtain better understanding of suction caisson behavior by
means of field tests, laboratory tests, and numerical simulations. Early full-
scale tests in the field were reported by Hogervorst (1980). Soon thereafter,
Senpere and Auvergne (1982) described the first commercial use of suction
caissons as anchors.
6
In the following sections, selected field tests, laboratory tests, and nu-
merical investigations of suction caissons that have been documented in the
literature are summarized along with a review of the literature pertaining to
design issues and applications of the caissons.
1.2.1 Field Tests
Extensive field tests on small-scale and full-scale caissons have been carried out
by several researchers to determine installation characteristics and axial and
lateral load capacities of the caissons. Although, field testing is expensive and
time-consuming, it is valuable in obtaining geotechnical information relevant
to the design of future caissons. The aspect ratio of the caissons tested ranges
from 1 to 10 and both sandy and clayey soil conditions were examined. During
the tests, the caisson behavior was recorded under various loading conditions.
In the following paragraphs, a review of selected field tests is presented.
After conducting laboratory tests and a small-scale field test, Hogervorst
(1980) performed three full-scale field tests on suction caisson anchors having
12.5 ft (3.8 m) diameter with length ranging from 16.4 to 32.8 ft (5 to 10
m), installed in sandy and clayey soils. The objectives of the tests were to
study installation characteristics of the caissons and measure their axial as
well as lateral capacities. The successful field tests provided an opportunity for
systematic evaluation of the potential of caissons to anchor floating production
facilities and proved the feasibility of installing caissons by the application of
suction.
Tjelta et al. (1986) performed two large-scale field penetration tests
to collect important information for the design of the CONDEEP Gullfaks C
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fixed concrete platform. The test structure consisted of two steel cylinders of
75 ft (23 m) height and 21 ft (6.5 m) diameter connected to each other through
a concrete panel. The test assembly was installed to 72 ft (22 m) penetration
in water depth of about 655 ft (200 m). The objectives of the testing program
were to observe tip resistance and wall friction, confirm predictions and learn
about uncertain factors related to installation and operation. The success of
the tests proved the feasibility of installing long concrete skirts by suction.
Dyvik et al. (1993) reported four small-scale (model) field tests on a
suction anchor consisting of four cylindrical cells, capped at top end, of diam-
eter equal to 3 ft (0.87 m) and length of 2.7 ft (0.82 m), installed in soft clays
at the Snorre oil and gas field in the North Sea. Both static and cyclic load-
ing conditions were investigated. The objective of the tests was to compare
measured response of the anchors to the response predicted adopting analyt-
ical foundation design procedures developed by the Norwegian Geotechnical
Institute (NGI) for the design of foundations for offshore gravity platforms
(Dyvik et al., 1989 and Andersen et al., 1989), and thus to check the validity
of these procedures for design of suction anchors. Good agreement between
measurements and predictions of anchor response was observed, thus demon-
strating the applicability of the procedures to design such anchors (Andersen
et al., 1993). The investigation showed that suction anchors are viable founda-
tions for tension leg platforms (TLPs) and permitted observation of stiffness
degradation under cyclic loading at different load levels.
Keaveny et al. (1994) carried out five large-scale field model tests on
a suction anchor installed in saturated clay and subjected to static and cyclic
horizontal loads. The anchor consisted of two cylindrical cells of 2.3 ft (0.7
m) diameter and 4.6 ft (1.4 m) length. The objectives of the tests were to
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investigate the influence of pad-eye location and load cycles on the horizontal
capacity. Approximately 100% increase in the capacity was observed by mov-
ing the pad-eye from mudline level to half-depth of the anchor and about 10%
reduction in capacity was observed under cyclic loading.
Cho et al. (2002) conducted a series of field installation tests on steel
suction caissons having inside diameter ranging from 1.65 to 8.2 ft (0.5 m to
2.5 m) and length of 16.4 (5 m), in the Onsan harbor located in Southeastern
Korea. The suction caissons were installed in silty sand in water depth of
about 33 ft (10 m). The objective of the tests was to validate response of
the caissons observed during small-scale (model) laboratory tests (Bang et al.,
2000).
At present, recorded data from several field tests is available to demon-
strate applicability and versatility of the caissons as foundations as well as
anchors. Successful field tests proved feasibility of installing the caissons by
suction and showed that they can be designed to perform efficiently in a variety
of soil and loading conditions.
1.2.2 Laboratory Model Tests
Efficient and economical laboratory testing of model suction caissons can be
undertaken to investigate performance of the caissons under a variety of condi-
tions. The laboratory tests conducted on vacuum anchors and caisson anchors
are summarized in the following sections.
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Tests on Vacuum Anchors
Laboratory tests on vacuum anchors were conducted by Goodman et al. (1961),
Brown and Nacci (1971), Wang et al. (1975), Helfrich et al. (1976), and Wang
et al. (1977 and 1978). The vacuum anchors are shallow surface foundations
generally used for providing temporary anchorage and require that the wa-
ter be pumped out during their application to generate the required capacity
(Wang et al., 1975). The aspect ratio of the anchors tested ranged from 0.1
to 2.1 and different soil types were considered. In the following paragraphs a
review of the laboratory tests on vacuum anchors is presented.
The first reported laboratory model tests on vacuum anchors were per-
formed by Goodman et al. (1961) to determine the feasibility of anchoring
mobile military field equipment. Different types of soils ranging from sand
of medium fineness to highly plastic clay were used for the testing. The an-
chors used were of two sizes, diameter equal to 3.1 inch (79 mm) and 3.5 inch
(89 mm) with length equal to 3.9 inch (99 mm) and 7.4 inch (188 mm), re-
spectively. The study showed that the vacuum anchors in different soils are
feasible for anchoring floating equipment but their response is better in clayey
soils than in sandy soils.
Brown and Nacci (1971) conducted a series of laboratory tests, 14 tests
in loose sand and 15 tests in dense sand, on vacuum anchors having 10 inch (254
mm) diameter and 1.75 inch (44 mm) embedded-length to study their behavior
and water flow characteristics in granular soils. The tests showed that the
vacuum anchors are effective for providing short-term anchorage and offer high
reaction-to-weight ratio, reusability, and reversibility. The test results pointed
to a linear relationship between pullout capacity and applied suction. Based
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on the test results, combined with observed behavior and failure mechanisms,
a theory was proposed to predict pullout capacity of such anchors.
To investigate the feasibility and efficiency of the vacuum anchors, Wang
et al. (1975) performed laboratory tests on eight model anchors installed in
sandy, silty, and clayey soils. The values of the aspect ratio investigated were
0.1 and 0.5 with diameter equal to 4.5, 5.5, 7.9 and 13.25 inch. On the basis
of the study, it was suspected that the anchors with lower aspect ratio would
be more efficient in cohesionless soils while anchors with higher aspect ratio
would be more effective in clayey soils. Linear increase in pullout capacity
was observed with increasing suction, supporting earlier findings by Brown
and Nacci (1971). Later, Wang et al. (1977) developed equations to estimate
the pullout capacity of vacuum anchors based on observed failure mechanisms
and adopting Mohr-Coulomb failure criteria and later, Wang et al. (1978)
presented sample design examples to demonstrate practical applications of
the anchors.
A series of 12 laboratory tests on vacuum anchors having diameter of
16 inch (406 mm) and length of 10 inch (254 mm) and installed in sand were
conducted by Helfrich et al. (1976). The goals of the study were to generate
additional test data for design purposes and to study anchor performance. As
before, a linear relation between pullout capacity and suction was observed
and predictions based on Mohr-Coulomb failure criteria matched well with
measured capacities.
The significant findings from the laboratory tests on vacuum anchors
are: for a given aspect ratio, anchor capacity increases linearly with increasing
suction; the pullout capacity of vacuum anchors can be estimated reliably using
available design methods; and the vacuum anchors are effective in providing
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short-term anchorage.
Tests on Suction Anchors
Model suction caissons have been tested under 1-g acceleration and controlled
laboratory conditions by several researchers. The caissons studied were of as-
pect ratio in the range of 1 to 12 and were tested under various loading and soil
conditions. Laboratory tests on model suction caissons conducted earlier were
focused on studying efficiency and feasibility of the caissons and identifying
important parameters governing their performance. Later tests were focused
on improving the design methodology. In the following paragraphs, a review
of selected laboratory tests on suction anchors is presented.
Larsen (1989) conducted 15 laboratory tests on model suction caissons
with diameter equal to 4, 8, and 12 inch and length of 15 inch, and installed
in sandy and clayey soils. The objectives of the testing program were to
observe the mechanical behavior of the soil and caisson during installation
and determine the lateral load capacity under static and cyclic loads. For
caissons installed in sandy soil, the measured capacities under static and cyclic
loads were identical but for caissons installed in normally consolidated clayey
soil, the measured capacity under cyclic loading was reduced to 1/2 to 2/3 of
the measured capacity under static loads. The test results demonstrated the
efficiency of suction application for caisson installation.
Steensen-Bach (1992) performed 77 laboratory tests on suction caissons
with aspect ratio ranging from 1.67 to 3.33 and diameter ranging from 1.9 inch
(48 mm) to 3.1 inch (80 mm) installed in sandy and clayey soils. The goals of
the study were to identify the contribution of suction generated during pullout
to the capacity and obtain additional test data to develop design procedures.
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The capacity of caissons installed in sand was found to be proportional to the
generated suction. Similar observations had been made earlier by Brown and
Nacci (1971) and Wang et al. (1975) for vacuum anchors installed in sandy
soils. For caissons installed in clayey soils, the increase in pullout capacity was
found to be due to a suction-induced transition in failure mechanism. Three
different failure mechanisms for caissons installed in clayey soils were observed
and identified at different levels of suction : local shear failure along the caisson
wall; local tension failure; and general shear or reverse bearing capacity failure.
Cauble (1996) reported 14 laboratory tests on a model suction caisson
installed in K0-normally consolidated clay samples. A model caisson having
both diameter and length equal to 2 inch (51 mm) was used in all the tests.
The experiments were performed using an automated laboratory device which
records data regarding response of the soil sample during various test stages.
The tests were designed to simulate installation of caisson by suction and
“pushing”, reconsolidation (or setup) following installation, and subsequent
undrained monotonic and sustained tensile pullout. From the laboratory re-
sults, it was concluded that wall friction contributes approximately 60% to
the total capacity under monotonic pullout and that the sustained tensile load
greater than the wall resistance under undrained condition leads to caisson fail-
ure. The study suggested a need for additional experimentation and analysis
to clarify some of the results.
Datta and Kumar (1996) carried out 18 laboratory tests on suction cais-
sons installed in soft clayey soils. The caissons tested were of 1.5 inch (38 mm)
in diameter with aspect ratio of 2, 4, and 8, at different rates of load applica-
tion. The objective of the test series was to evaluate suction force generated
under the caisson during pullout. From the test results, it was observed that
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the suction force increases with increasing rate of load application and depth
of embedment; and full suction force is developed at large displacement after
mobilization of peak wall friction.
Singh et al. (1996) conducted eighteen laboratory tests on model suc-
tion caissons installed in soft clay. The objectives of the tests were to investi-
gate suitability of the caissons as foundations for TLPs; to study behavior of
the caissons under static axial pullout; and to evaluate the influence of pullout
rate, aspect ratio, passive suction developed under the sealed cap, and water
content on the pullout capacity. Caisson aspect ratio of 0.75 and 1.5 with
a diameter of 4.33 inch (110 mm) were investigated. The pullout force was
observed to increase with pullout displacement up to about 60% of the caisson
diameter. It was also noted that the soil plug moved upwards with the caisson,
and passive suction contributed significantly to the pullout resistance under
short-term static loading.
Rao et al. (1997a) performed a series of cyclic loading tests on model
suction caissons to investigate their behavior under axial pullout. The caissons
tested were of aspect ratio 2 and having 3 inch (75 mm) diameter, and installed
in soft marine clay. The test results showed that the capacity of caissons was
unaffected at low values of the cyclic load ratio but the capacity was reduced
dramatically under higher values of the ratio. In the later study by Rao et
al. (1997b), additional laboratory tests were conducted on suction caissons.
The caissons tested were of aspect ratio ranging from 1 to 2 and 3 inch (75
mm) diameter, installed in soft marine clay. For the new series of laboratory
tests, the scope of the study was extended to investigate variation in suction
under short-term monotonic and sustained loads. Under short-term monotonic
loading, increase in suction was observed with increase in displacement while
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under sustained pullout, anchor failure in the form of complete removal did
not occur within the observed time frame.
El-Gharbawy (1998) conducted a series of static as well as cyclic loading
tests on suction caisson models to study their behavior and pullout capacity.
Both vertical and inclined loading conditions were examined and different
rates of load application were considered to simulate undrained and drained
conditions in clayey soils. The load was applied at the center of the top cap.
Caissons with aspect ratio of 2, 4, 6, and 12 were tested to investigate the
effect of increasing aspect ratio on penetration resistance and pullout capacity.
From the results of the experimental investigation, it was found that the rate
of pullout has a significant effect on the capacity and the long-term pullout
capacity is the upper limit on peak cyclic loading. Local shear failure along
the caisson wall and a general shear failure (reverse bearing capacity failure)
were observed to occur under drained and undrained conditions, respectively.
Byrne and Houlsby (2000 and 2002a) conducted an experimental in-
vestigation on suction caissons subjected to a variety of cyclic loads, installed
in oil-saturated sandy soil. The authors did not observe any degradation of
caisson capacity under cyclic loading, but did observe some effect of the rate
of load application on the caisson response.
Luke (2002) reported results from 17 laboratory experiments to inves-
tigate behavior of caissons under axial pullout loads in normally consolidated
clayey soils. The model suction caisson used in the experiments was con-
structed from an anodized aluminum tube with an outer diameter of 4 inch
(100 mm) and was installed to 32 inch (800 mm) by self-weight alone, or self-
weight followed by suction. After complete dissipation of excess pore-water
pressure, axial pullout tests were performed rapidly as well as slowly. From
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the study, important conclusions related to caisson design, and recommenda-
tions for future research were made.
Coffman (2003) conducted nine laboratory tests on a model caisson
installed in normally consolidated kaolin and subjected to horizontal load ap-
plied at various points along the lower half of the caisson. The objective of
the testing program was to gather experimental data to support development
of an improved analytical method for design of such caissons. The optimum
location of horizontal load application corresponding to maximum caisson ca-
pacity was found to be at about two-thirds of the caisson depth below the
mudline. The measured capacities were compared with the predictions from
a simplified limit equilibrium analysis and good agreement between them was
reported.
1.2.3 Centrifuge Testing of Suction Caissons
Geotechnical centrifuge tests on model suction caissons have been carried out
to simulate the stress conditions and soil response at the field scale. These
tests are quite costly and remain subject to various limitations. In the following
paragraphs a review of selected centrifuge tests on caissons is presented.
Clukey and Morrison (1993) undertook a combined centrifuge test and
analytical study to investigate the response of steel suction caisson founda-
tions under axial pullout load and soil conditions typically encountered in the
Gulf of Mexico. The centrifuge tests at 100-g acceleration were performed on
a cylindrical single-cell caisson with an aspect ratio of about 2. The caisson
geometry and response were scaled conforming to the laws of similitude out-
lined in Ko (1988). Finite-element simulation of an undrained axial pullout
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test was performed using 8-node quadratic axisymmetric elements available in
ABAQUS/Standard program (HKS, 1998 and 2000), a commercially available
general purpose finite-element analysis program. The nonlinear soil response
was modeled with a tri-linear approximation of the stress-strain behavior. The
finite-element study of the axial pullout case showed good agreement with the
results obtained from centrifuge tests. In a later study by Clukey et al. (1995),
the centrifuge testing program was extended to include cyclic axial and inclined
loads. From the centrifuge test results, it was concluded that about 60-70 per-
centage of the axial pullout capacity is derived from reverse end bearing of the
caisson. The combination of cyclic load ratio and the number of applied cycles
that cause failure of the foundation was obtained from the cyclic load tests.
Additional centrifuge tests were carried out by Clukey and Phillips (2002)
to investigate the behavior of suction caissons under loading conditions for
semi-taut to taut legged mooring systems.
Randolph at. al. (1998) performed centrifuge tests on suction caissons
subjected to quasi-horizontal loads applied through a catenary mooring sys-
tem and compared the test results with the theoretical predictions obtained
using a three-dimensional upper bound analysis. The centrifuge tests were
conducted under monotonic and cyclic loads on caissons installed in soils with
different strength profiles. In general, a good agreement between predicted
and measured capacities was observed.
House (2000) presented results from a series of geotechnical centrifuge
tests conducted to study installation and response of a scaled prototype cais-
son. Monotonic inverse catenary loading was applied to the model caisson
installed in normally consolidated kaolin clay. The objective of the testing pro-
gram was to investigate the possible influence of the caisson geometry and soil
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characteristics on the monotonic holding capacities of the laterally loaded cais-
sons. Measured results were compared with the predicted response adopting
upper-bound plasticity analysis and good agreement between measurements
and predictions was reported. It was concluded that additional data is needed
to develop an optimum design methodology for the caissons.
Cao et al. (2001 and 2002a) presented results from eight centrifuge tests
conducted on suction caissons using C-CORE’s centrifuge facility (Phillips et
al., 1994). The tests were carried out to investigate behavior of the caissons
installed in normally consolidated clay. A caisson having aspect ratio of about
3.5 was installed in-flight by self-weight, followed by suction. The caisson
was then pulled out in the axial direction. The test results indicated that the
penetration resistance of the caisson increased linearly with depth during both
self-weight and suction installations.
Andersen et al. (2003) carried out three centrifuge model tests on cais-
sons installed in normally consolidated soft clay. The objective was to inves-
tigate penetration characteristics of the caissons in soft clay. With the help of
suction during installation, the caissons were installed to aspect ratio ranging
from 12.4 to 14.5. It was reported that when suction was used for installa-
tion of caisson, all the displaced clay moved into the caisson interior causing
considerable amount of heaving of the soil plug.
1.2.4 Limit Analysis Using Plasticity Theory
A simplified procedure based on the upper-bound method of plasticity the-
ory was developed by Murff and Hamilton (1993) to estimate the capacity of
laterally loaded piles under undrained conditions. The proposed method is
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an extension of the exact solution obtained by Randolph and Houslby (1984)
for the limiting lateral resistance of a deeply embedded circular pile in cohe-
sive soils. Aubeny et al. (2003a) adopted the proposed procedure to estimate
lateral load capacity of suction caisson anchors as a function of the load at-
tachment point location and load inclination angle, and later Aubeny et al.
(2003b) refined the method for skin resistance coefficient α to be less than
unity. The simplified plasticity procedure employed for caissons is based on
an assumed kinematically admissible collapse mechanism, a flow zone around
the base of the caisson and a hemispherical failure surface at the caisson tip.
The validity of the simplified formulation is demonstrated through comparison
with solutions obtained from rigorous three-dimensional finite-element analysis
and results obtained from centrifuge tests (Clukey et al., 2003).
1.2.5 Numerical Analysis
Research studies on suction caissons involving extensive axisymmetric and
three-dimensional numerical simulations have been carried out in the past
to determine their capacity under different loading and drainage conditions.
In all cases, the stress-strain behavior of the soil was represented by means of
plasticity models. The suction caisson was wished in place, with no attempt to
simulate the installation process, assuming perfect interface bonding between
the caisson and the surrounding soil. The initial state of stress in the soil was
typically estimated in terms of the submerged unit weight and the lateral earth
pressure coefficient at rest. In the following paragraphs a review of selected
numerical studies is presented.
Erbrich (1994), using the ABAQUS program, conducted a series of
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finite-element analyses to estimate capacity of suction caissons used as foun-
dations for fixed offshore steel platforms. Comparison between finite-element
predictions and the results of a number of model tests conducted by Wang
et al. (1978) was presented to demonstrate applicability of such analyses
to estimate foundation capacity. Both standard Drucker-Prager and capped
Drucker-Prager plasticity models were adopted to model nonlinear behavior
of dense sand.
Sukumarn et al. (1999a), and Sukumaran and McCarron (1999b) docu-
mented an application of the finite-element method to estimate the capacity of
suction caisson foundations installed in soft clays and subjected to axial and
lateral loads under undrained conditions. Both two- and three-dimensional
foundation models were analyzed using the ABAQUS program. The nonlinear
behavior of the soft clay was approximated as that of an elastic-perfectly-
plastic model adopting the (pressure-independent) von Mises yield criterion.
The initial stresses in the soft clay were calculated assuming uniform sub-
merged unit weight through the depth with a coefficient of lateral earth pres-
sure equal to 0.7 to 1.0. The shear strength was assumed to be zero at the
mudline level and increasing linearly with depth. The effects of load inclina-
tion, location of pad-eye, and aspect ratio on caisson response were investi-
gated. The estimated capacities were compared with limit solutions proposed
by Murff and Hamilton (1993) and Matlock (1970). The study demonstrated
that finite-element analysis can be used to estimate the capacity of suction
caisson foundations.
Bang and Cho (1999) conducted an analytical feasibility study to eval-
uate the effect of various cross-section shapes on the overall performance of
suction caissons to be used for providing required mooring capacities for very
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large Mobile Offshore (military) Bases. The ABAQUS program was used to
perform 3D finite-element analyses on axially and laterally loaded suction cais-
sons having circular, Y-shaped and triangular cross-sections. The nonlinear
behavior of seafloor sand was represented by means of a Drucker-Prager plas-
ticity model.
Handayanu et al. (1999 and 2000) used a quasi-three-dimensional finite-
element model to study the response of suction caissons subjected to vertical
uplift and inclined loads. Axisymmetric elements with asymmetric loading
available in the ABAQUS program were used to generate the finite-element
model. The soil was modeled as a porous medium and its nonlinear behav-
ior was represented by the cam-clay model. The results obtained from the
finite-element analyses were verified by comparison with the laboratory re-
sults documented by Cauble (1997) and El-Gharbawy (1998).
Deng and Carter (1999a) conducted finite-element analyses on suction
caissons to study the soil deformation patterns, failure mechanisms, and hold-
ing capacities developed under vertical tensile loads. The analyses were per-
formed using a finite-element analysis program, AFENA (Carter and Balaam,
2001) developed at the Center for Geotechnical Research at the University
of Sydney, Australia. The nonlinear behavior of saturated cohesive soil was
simulated using the modified cam-clay model. The numerical results obtained
using AFENA were compared with the experimental results documented by
Singh et al. (1996). Deng and Carter (1999b) later extended the study to
include analyses of caissons subjected to inclined uplift loads under undrained
conditions. Analyses of caissons subjected to inclined loads were performed
adopting a semi-analytical finite-element method (Taiebat and Carter, 2001)
which is based on Fourier series approximation of field quantities in the az-
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imuthal direction. The predictions from this analysis results were compared
with the analytical solutions obtained using the plasticity limit analysis tech-
nique developed by Murff and Hamilton (1993). The numerical results ob-
tained for the caissons installed in sand are documented by Deng and Carter
(2000a). On the basis of extensive finite-element investigation, simplified ex-
pressions were developed to estimate the capacity of suction caissons taking
into account the influence of the aspect ratio of the caisson, the shear strength
parameters of the soil, the soil permeability, and the loading rate (Deng and
Carter, 2000b and 2002).
El-Gharbawy and Olson (2000) reported a series of finite-element anal-
yses using the PLAXIS software to verify the results obtained from laboratory
tests on suction caisson foundations (El-Gharbawy, 1998). The nonlinear be-
havior of clayey soil was represented by an elastic-perfectly-plastic model.
Zdravkovic et al. (2001) conducted finite-element analyses to study ef-
fects of load inclination, caisson aspect ratio, soil adhesion, and soil anisotropy
on behavior of suction caissons. The finite-element analyses were carried out
using the three-dimensional Fourier series aided finite-element method in which
field variables in azimuthal direction are expressed as Fourier series. Addi-
tional details about the procedure adopted for analysis are outlined in Potts
and Zdravkovic (1999). Isotropic behavior of soft clay was represented using
modified cam-clay soil model and anisotropic behavior was simulated using
the MIT-E3 anisotropic soil model (Whittle and Kavvadas, 1994).
Cao et al. (2002b and 2003) carried out finite-element analyses to in-
vestigate behavior of suction caissons subjected to axial loads under the condi-
tions of centrifuge tests carried out at C-CORE (Cao et al., 2001 and 2002a).
The constitutive behavior of fully saturated porous soil media was modeled
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using the modified cam-clay model. Appropriate contact surfaces between soil
and caisson wall were defined using the contact-surface option available in the
ABAQUS/Standard program. The water in the interior of the caisson was
modeled with a very soft porous material to simulate development of suction
by tensile strains. The computed response of the caissons agreed well with the
measured response from the centrifuge tests.
1.2.6 Design Issues and Uncertainties
In contrast to driven piles, the offshore industry has not reached consensus
on guidelines for design of suction caissons as several issues and uncertainties
related to capacity estimation and failure mechanisms are involved. Important
design issues such as design factor of safety, deep-water site characterization,
and capacity estimation are identified and discussed in detail by Clukey (2001),
Gilbert and Murff (2001), and Huang et al. (2003). Other important issues
such as setup time, cyclic loading, misalignment of the caisson, skin friction,
optimum location of pad-eye, horizontal and vertical load capacity interaction,
reverse end bearing, and effect of disturbed soil zone resulting from plowing
of the pad-eye during installation need to be addressed properly for successful
design of suction caissons.
Clukey (2001) suggested a need for additional model tests to further
investigate and understand issues related to caisson capacity and also recom-
mended development of a database of deep-water soil to reduce uncertainties
involving soil properties. In view of differences in caisson design relative to
conventional pile design, Gilbert and Murff (2001) identified a need for ad-
ditional insight for quantifying reverse end bearing, lateral-axial interaction,
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and lateral capacity to reduce magnitude of uncertainties. Considering limited
experimental test data and field experience, Huang et al. (2003) indicated a
need for a research study involving field load tests combined with rigorous
finite-element analysis to understand behavior of suction caissons under vari-
ous loading conditions.
Another important design issue related to stability of caissons against
buckling during installation was addressed by Burgess and Hird (1983) and
Pinna et al. (2001). A preliminary investigation of reliability-based design
of suction caisson foundations for deep-water applications was presented by
Clukey et al. (2000).
1.2.7 Applications
The use of suction caissons as foundations and anchors for floating offshore
facilities has increased since 1990’s. The caissons have been installed in water
depths ranging from about 131 ft (40 m) in the North Sea to 8400 ft (2560
m) in the Mississippi Canyon of the Gulf of Mexico (Sparrevik, 2001). In the
following paragraphs selected applications of suction caissons documented in
the literature are presented.
Senpere and Auvergne (1982) reported the first commercial application
of suction caissons used for Catenary Anchor Leg Moorings (CALM) and pre-
sented the design and installation of twelve caissons for the Gorm field in the
Danish sector of the North Sea. The caissons were designed by Single Buoy
Moorings, Inc. and were installed during the summer of 1980, in 131 ft (40 m)
water depth and designed to sustain a maximum horizontal force of 440 kips
(200 T) acting at mudline, with a diameter of 11.5 ft (3.5 m) and length of
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27.9 to 29.5 ft (8.5 to 9 m). The soil profile encountered at the site consists of
20 ft (6 m) sand layer underlain by 3.3 to 6.6 ft (1 to 2 m) of soft clay then
by stiff clay. Laboratory and theoretical studies during design phase and field
testing, and monitoring during and after caisson installation were carried out.
The successful installation and higher reliability demonstrated through field
testing underscored the appeal of the caissons for anchoring mooring systems.
Albert et al. (1987) conducted an investigation to study the feasibility of
using large-diameter suction caissons as foundations for a tension-leg platform
at a site located in the Southern Adriatic Sea, in water depth of 2713 ft (827 m).
Problems related to installation and stability of the caisson, and foundation
capacity were examined based on principles of soil mechanics. It was concluded
that the foundation system is feasible for deep-water application and the need
for experimental research was suggested to optimize its potential.
Tjelta (1994) presented geotechnical aspects related to design of caisson
foundation for the Europipe 16/11-E jacket platform (now known as Draupner
E jacket platform) that is located in the North Sea at a site where dense sand
and 230 ft (70 m) of water depth are encountered. The permanent foundation
consists of a 39.4 ft (12 m) diameter and 19.7 ft (6 m) long caisson at each
of the corner legs of the jacket. In order to verify the penetrability of 19.7 ft
long caissons in dense sand and check the development of required capacity,
comprehensive model testing at the site and in the laboratory was conducted.
On the basis of the tests, it was concluded that caisson installation in dense
sand is feasible with the help of suction, and it is possible to generate the
required capacity in sand. Details regarding the structural design of the caisson
foundation are documented by Baerheim (1994).
Colliat et al. (1995) carried out comparative studies to determine a
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suitable mooring alternative for a process barge located at NKossa site in the
Gulf of Guinea having a water depth of 558 ft (170 m) and soft normally
consolidated clayey soil profile. The study showed that caisson foundations
represent the most suitable option, both technically and economically. The
use of 16.4 ft (5 m) diameter and 39.4 ft (12 m) long steel caissons for anchor-
ing mooring lines at the site was reported by Colliat et al. (1996). Details
regarding the design of the anchoring system and installation of the caissons
are documented by Colliat et al. (1998).
Audibert et al. (2003) have reported application of suction caissons for
anchoring BP’s Horn Mountain SPAR in the Mississippi canyon area of the
Gulf of Mexico. The SPAR is held in position in 5500 ft (1676 m) water depth
by nine caissons. Six caissons with 18 ft (5.5 m) diameter with an embedment
depth of 86 ft (26.2 m) were used for the least heavily loaded anchors and
three caissons with 18 ft (5.5 m) diameter with an embedment depth of 91 ft
(27.7 m) were used for the most heavily loaded anchors. A picture of a caisson
before installation is presented in Fig. 1.5. Two 36 inch diameter butterfly
valves provided at the top of the caisson are visible in the picture. The paper
documents results obtained from geotechnical monitoring during installation
of the nine caissons. Rendering of a caisson installed in place is shown in
Fig. 1.6.
Recently, suction caissons were considered as foundations for an offshore
wind turbine mast. The wind loads acting on the turbine produce a large
time-varying horizontal load and overturning moment on its foundation that
must, therefore, be designed to resist such loads. A single caisson foundation
or a tripod foundation can be employed for supporting offshore wind turbine
mast (Byrne, 2000). Feld et al. (1999) have reported development of tripod
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Figure 1.5: A typical caisson used for anchoring BP’s Horn Mountain SPAR,
Courtesy: Dr. E.C. Clukey (BP America).
foundation concept with suction caisson in order to reduce the foundation cost
for the offshore wind turbines. Houlsby and Byrne (2000) have documented
challenges faced by the designers of the foundation system for the turbines, and
suction caissons are proposed as a viable and economic option. In Byrne et al.
(2002b), details regarding a research project undertaken at Oxford University
(UK) to determine a design framework for shallow caisson foundations for the
turbine masts is presented.
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Figure 1.6: Caisson in place (Source: Mercier, 2003).
1.3 Objectives and Scope of the Study
The present work is an extension of the research reported by Vásquez (2000)
and part of a comprehensive research project undertaken at the Offshore Tech-
nology Research Center (OTRC) at The University of Texas at Austin. The
overall project aims at improving current understanding and developing effec-
tive procedures for the design of deep-water anchors (Olson et al., 2001). The
research project focuses on several different topics: laboratory tests on model
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caissons subjected to axial pullout and inclined loads (El-Gharbawy, 1998;
Luke, 2002; and Coffman, 2003), development of a simplified prediction tool
based on plastic limit analysis (Aubeny et al., 2003a), development of a highly
detailed finite-element computational procedure (Vásquez, 2000; and Maniar
et al., 2003), and reliability-based optimization of geotechnical investigations
(Gambino and Gilbert, 1999; and Gilbert et al., 1999).
Vásquez (2000) presented the development of a finite-element proce-
dure to simulate the response of suction caissons subjected to axial pullout
under both drained (long-term) and undrained (short-term) conditions. The
procedure was applied to study the laboratory tests reported by El-Gharbawy
(1998). Simulation results obtained for caisson installation process as well as
response of caisson under axial pullout were reported.
The objectives of the present research study are: (1) to develop a com-
putational framework to simulate behavior of suction caissons and to estimate
their capacities under axial as well as inclined loads, including effects of both
self-weight and suction installation and (2) to simulate laboratory tests, con-
ducted on model suction caissons at The University of Texas at Austin (Luke,
2002; and Coffman, 2003), in order to calibrate as well as validate the compu-
tational procedure.
The computational procedure developed in the course of this study sim-
ulates suction caisson installation and estimates the capacities under axial as
well as inclined loads. Suction caisson installation and axial pullout are an-
alyzed under the assumption of axial symmetry. The soil is modeled with
water-saturated porous finite-elements and the caisson is discretized using (im-
permeable) solid finite-elements. The nonlinear behavior of the clayey soil is
modeled through a bounding-surface plasticity model for isotropic cohesive
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soils, and linear elastic behavior of caisson is assumed. The soil-caisson in-
terfaces are modeled with a contact algorithm based on a slide-line formula-
tion. Various remeshing tools are developed to eliminate the need for a priori
specification of the caisson penetration path and to avoid use of excessively
distorted finite elements along caisson-soil interfaces. The remeshing tool is
an improvement over the procedure document by Vásquez (2000) in which the
penetration path defined a priori as located immediately below the caisson tip
and in the axial direction. This predefinition of the path did not account for
the soil movement during caisson installation process. Due to the restriction
on the soil movement, the selected path over (under) estimated amount of soil
within the caisson interior during self-weight (suction) installation. Due to
this the computed capacity might have been affected as it is function of radial
stresses generated within the soil domain during installation process.
The developed formulation is used to obtain results from the simula-
tion of the caisson installation, and reconsolidation (or setup) of surround-
ing soil following caisson installation, and caisson pullout. Three-dimensional
caisson models under horizontal and inclined loads are analyzed using the
ABAQUS/Standard program. The deformed geometry of the caisson-soil sys-
tem, stresses within the soil and material state parameters obtained from
axisymmetric simulation of the installation process are specified as initial con-
ditions to carry out analysis of caisson under horizontal and inclined loads.
In addition, a user-defined material subroutine for the bounding-surface plas-
ticity model is supplied to the ABAQUS program to model behavior of the
saturated clayey soil. The computed behavior of the caisson is compared with
the observed behavior in the laboratory tests conducted at The University of
Texas at Austin (Luke, 2002; and Coffman, 2003).
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The dissertation is organized as follows: the treatment of saturated
porous soil and caisson is presented in Chapters 2 and 3, respectively; the
constitutive equations adopted for clayey soil and caisson are described in
Chapter 4; interface conditions between soil and caisson and their contribution
to the system of equations are outlined in Chapter 5; the remeshing scheme
developed to determine the caisson penetration path is described in Chapter
6; the procedure for three-dimensional analysis is presented in Chapter 7;
results obtained from simulation of laboratory tests are presented in Chapter








The behavior of saturated, porous, clayey soil is described using a mixture
theory that accounts for coupling between soil deformation and pore-water
flow. Thus, the saturated soil is viewed as a two-phase medium composed
of solid (soil) and pore-fluid (water) phases. The mixture theory is based
on the concept of volume fractions from the viewpoint of macromechanics.
Each constituent of the porous medium is replaced by a substitute medium
having reduced density, and occupying the entire control space. The principles
of continuum mechanics are then available to describe the behavior of the
substitute or equivalent medium at the macroscopic level.
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One-dimensional consolidation of saturated-deformable-elastic-porous
solids was first investigated by Terzaghi in 1923 adopting the effective stress
principle. Biot (1941) extended the phenomenological approach of Terzaghi
to study the generalized three-dimensional consolidation of elastic porous me-
dia. Based on the mixture theory proposed by Truesdell and Touppin (1960),
Prévost (1980) developed a general framework for nonlinear consolidation of
saturated porous media. A comprehensive review of historical development
and current state of the porous media and mixture theories is presented by
Coussy (1995) and de Boer (2000).
The balance laws governing interaction between soil deformation and
pore-water flow, and their weak forms are presented in this chapter. The bal-
ance laws are derived adopting the mixture theory, and in Chapter 3 their
three-field finite-element discretization is achieved adopting solid displace-
ments, Darcy’s velocities, and the excess pore-water pressure as field variables.
2.2 Governing Differential Equations: Balance
Laws
Saturated soil is a two-phase material composed of solids and a liquid. It can be
viewed as a “mixture” of phases that can be thought of as occupying the entire
domain. The laws of continuum mechanics can be used to describe discrete
behavior of the phases as if the particles behave collectively as a continuous
medium (Prévost, 1980).
In this section, principles describing conservation of mixture mass, and
conservation of linear momentum of mixture and fluid phase are developed
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considering the saturated soil medium as a continuum. For the development
of the principles, an arbitrary region fixed in space is considered. The arbitrary
region of volume V is denoted by Ωt and is bounded by the surface ∂Ωt of area
A.
2.2.1 Conservation of Mixture Mass
Solid Phase





ρs (x, t) [1 − nw (x, t)] dV (2.1)
where ρs is the macroscopic average mass density of the solid grains that
is, in general, a function of location x (in the deformed configuration) and
time t, and nw is the volume fraction of the voids, also known as porosity,
defined as the ratio of the volume of voids to the total volume of the mixture.
Porosity is a function of location x and time t. For saturated soil, the voids are
filled with water. The law of conservation of mass requires that the material
time derivative of the solid phase mass vanish. Therefore, the material time







∂ [ρs (1 − nw)]
∂t
+ div [ρs (1 − nw)vs (x, t)]
}
dV = 0 (2.2)
where vs is the velocity of the solid phase. The div is the spatial divergence
operator and for any vector a (x, t) it is given by (in terms of derivatives of















The integration in Eq. 2.2 is carried out over the arbitrary region Ωt,
and with the assumption that each field quantity is smooth and continuous
in the region, the integrand in Eq. 2.2 must vanish everywhere in the region.
Hence,
∂ [ρs (1 − nw)]
∂t
+ div [ρs (1 − nw)vs] = 0 (2.4)
In this work the soil grains are assumed to be incompressible and homo-




= div [(1 − nw)vs] (2.5)
Fluid Phase





[ρw (x, t) nw (x, t)] dV (2.6)
where ρw is the macroscopic average mass density of the fluid that is, in general,
a function of location x and time t. As before, the law of conservation of
mass requires that the material time derivative of the fluid phase mass vanish.
Therefore, the material time derivative of Eq. 2.6 with use of the transport













dV = 0 (2.7)
where vw is the velocity of the fluid phase. As the integration is carried out
over the arbitrary region Ωt, and field quantities are assumed to be smooth





w) = 0 (2.8)








w) + nw [grad (ρw)]
T vw = 0 (2.9)
where the superscript T indicates transposition, and grad is the spatial gradi-






The conservation of mass of the mixture can be derived by inserting Eq. 2.5




+ ρwdiv [(1 − nw)vs] + ρwdiv (nwvw) + nw [grad (ρw)]T vw = 0 (2.11)
Isothermal conditions are assumed, and small water volume change is
assumed to be related to pressure change and bulk modulus. With the use of

























ṗw − [grad (pw)]T vs
}
(2.13)
where pw is the (absolute) pore-water pressure, ṗw is the (Eulerian) time deriva-
tive of pw, and λw is the bulk modulus of water. Use of Eqs. 2.12 and 2.13 in
Eq. 2.11 with a nonzero value for the fluid density, the conservation of mixture









[grad (pw)]T vw = 0
The relative or Darcy’s velocity is defined as:
vr (x, t) = nw (v
w − vs) (2.15)
and represents the relative volumetric rate of flow of fluid per unit area of the
deforming soil mass (Borja and Alarcón, 1995).
Use of Eq. 2.15 into Eq. 2.14 leads to the final form of the conservation
of mass of the mixture:




[grad (pw)]T vr = 0 (2.16)
If fluid phase is also assumed to be incompressible, i.e., λw → ∞, Eq. 2.16
reduced to:
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div (vs) + div (vr) = 0 (2.17)
The above equation (Eq. 2.17) is analogous to the one that governs
any incompressible single-phase medium. In the present formulation, the fluid
phase is considered compressible. Therefore, Eq. 2.16 will be used for further
discussion.
2.2.2 Conservation of Linear Momentum
The balance of linear momentum of the mixture is developed in terms of the
effective stress tensor, σeff and the pore-water pressure, pw. The Cauchy
(total) stress tensor, σTotal can be expressed as the sum (Terzaghi, 1923)
σ
Total = σeff + pwI (2.18)
In Eq. 2.18, I represents (second-order) unit (identity) tensor. The
Cauchy partial stress tensors arising from the intergranular and fluid stresses
are denoted by σs and σw, respectively. Then the Cauchy (total) stress tensor
can be represented adopting an additive decomposition (Prévost, 1980; and
Borja and Alarcón, 1995):
σ
Total = σs + σw (2.19)
The Cauchy partial stress tensors are area-averaged quantities and are

















s · ndA +
∫
Ωt
hsdV = 0 (2.21)
In Eq. 2.21, b is the body force per unit volume; as is the acceleration of
the solid phase that is defined as the time derivative of the solid phase velocity
(∂vs/∂t); n is the unit normal oriented outwards to the surface ∂Ωt bounding
the region Ωt in the deformed configuration; and h
s is the frictional drag or
seepage force per unit volume acting on the solid phase due to fluid flow. The
divergence theorem is applied to the second term in Eq. 2.21 to obtain the
localized form of the balance of solid phase momentum which can be written
as:
ρs (1 − nw) (b − as) + div (σs) + hs = 0 (2.22)
Fluid Phase









w · ndA +
∫
Ωt
hwdV = 0 (2.23)
In this equation, hw is the reactive or resistive force per unit volume exerted by
the solid phase on the fluid phase as the fluid flows through the voids; and the





+ grad (vw) (vw − vs) (2.24)





Use of the divergence theorem to the second term of Eq. 2.23 leads to
the localized form of the balance of fluid phase momentum:
ρwnw (b − aw) + div (σw) + hw = 0 (2.26)














The second term in Eq. 2.26 is expanded using Eq. 2.20(b) to obtain:
div (σw) = nwgrad (p
w) + pwgrad (nw) (2.28)
The forces hs and hw are interfacial reactive forces, and they equilibrate
each other and therefore their sum is identically zero. Prévost (1980) combined
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the buoyancy force and the Stokes drag to showed that the interfacial forces
can be calculated as:
hs = −hw = pwgrad (nw) − nwρwk−1 (vs − vw) (2.29)
where k is the diagonal permeability tensor, and the superscript −1 indicates
inversion.
The definition of Darcy’s velocity (Eq. 2.15) is adopted to define the
relative acceleration of the fluid phase ar as:
ar (x, t) = nw (a
w − as) (2.30)


















r + grad (vs)vr
Use of Eqs. 2.15, 2.28, 2.29, and 2.30 in Eq. 2.26 leads to the balance of linear
momentum of the fluid phase:
ρwnw (b − as) − ρwar + nwgrad (pw) − ρwk−1vr = 0 (2.32)
For later reference, Eq. 2.32 is divided by the porosity (nw) to obtain the final
form of the balance of linear momentum of the fluid phase as:
ρw (b − as) −
ρw
nw
ar + grad (pw) − ρw
nw
k−1vr = 0 (2.33)
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Mixture
The balance of linear momentum of the mixture is obtained as the sum of
Eqs. 2.22 and 2.26. It is easy to show with use of Eq. 2.19 that,






Use of Eq. 2.30 into Eq. 2.34 with Eq. 2.18 leads to the final form of
linear momentum balance of the mixture:





+ grad (pw) = 0 (2.35)
2.3 Excess Pore-Water Pressure Formulation
The flow of water within the soil is controlled by excess pore-water pressure,
p̄w defined as the difference between the total or absolute pore-water pressure
pw and the static or neutral pore-water pressure ps:
p̄w = pw − ps (2.36)
The static pore-water pressure is given by:
ps = − [p0 + γw (zwt − zs)] = − [p0 + ρwg (zwt − zs)] (2.37)
where p0 is the atmospheric pressure, γw is the specific weight of water, g is
the gravity acceleration, zwt is the vertical position of the water table, and zs
is the vertical position of the soil particle. It is appropriate to work with the
balance laws developed in terms of the excess pore-water pressure.
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Use Eq. 2.37 in Eq. 2.36 to obtain:





z (xwt − xs)
]
where 1z is a unit vector oriented in the vertical (z) direction, xwt is the
position vector of the water table, and xs is the position vector of the soil
particle.














+ [grad (p̄w)]T vs
grad (pw) = grad (p̄w) + γw1
T
z [grad (xs)] (2.41)
= grad (p̄w) + γw1
T
z




Use of Eqs. 2.41 and 2.42, along with Eq. 2.16, the balance of the mixture
mass can be written as:
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The body force per unit volume is assumed to be only due to the action
of gravity in the vertical direction:
b = −g1z (2.44)
With the use of Eqs. 2.41, and 2.44 in Eq. 2.35, the balance of linear momentum
of the mixture can be written as:





+grad (p̄w) = 0 (2.45)
Again, with the use of Eqs. 2.41, and 2.44 in the Eq. 2.33, the balance




ar + grad (p̄w) − ρw
nw
k−1vr = 0 (2.46)
2.4 Boundary Conditions
Appropriate boundary conditions for the governing differential equations rep-
resented by Eqs. 2.43, 2.45 and 2.46 are as follows:
us = Ūs on Γu and σ
Total · n = tTotal on Γσ
vr = Vr on Γr and p̄
wI · n = t̄p on Γw
p̄w = P̄w on Γp and v




Γu ∩ Γσ = Γr ∩ Γw = Γp ∩ Γq = ∅
Γu ∪ Γσ = Γr ∪ Γw = Γp ∪ Γq = ∂Ωt
(2.48)
and n is the outward unit normal vector to the surface ∂Ωt, t
Total is a vector
of surface traction due to the total stresses, t̄p is a vector of surface traction
due to the excess pore-water pressure, and q is the volumetric flow or surface
flux. ∪ is the set union symbol, ∩ is the set intersection symbol, and ∅ denotes
an empty set.
2.5 Variational Statement of the Balance Laws
In this section, the variational statement or weak form of the balance laws gov-
erning behavior of the mixture derived in the preceding section is described.
The variational form is used with an eye on three-field finite-element discretiza-
tion. The field variables adopted are solid displacements (us), Darcy’s veloci-
ties (vr), and excess pore-water pressure (p̄w).
The weak form is written with respect to the deformed domain or cur-
rent configuration (Ωt) at time t, which is not known a priori. It is convenient
to use a previously known or reference configuration (Ωτ ) at time τ < t for
performing integration of the weak form. The incompressibility of the solid
phase assumed in the derivation of the Eq. 2.5 is adopted in order to convert
the domain of integration from current to the reference configuration.
Consider an infinitesimal volume of the mixture (soil) denoted by dV
from the reference configuration. At time τ , the volume of voids or water
present in dV is equal to nw|τ dV ≡ n0dV , and the volume of the solid phase
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is equal to (1 − n0) dV . In the current configuration, the volume of the mixture
dv is equal to JdV , where J is the determinant of the deformation gradient,
and referred to as the Jacobian. Since the solid phase is assumed to be incom-
pressible, the volume of solid phase in dv is conserved at (1 − n0) dV , and the
volume of voids changes to JdV − (1 − n0) dV . Therefore, the porosity can be
updated from reference to the current configuration according to:
nw|t =
JdV − (1 − nw|τ ) dV
JdV
= 1 − (1 − n0)
J
(2.49)
where J is the Jacobian defined as:
J = det (F) (2.50)































Linear Momentum Balance: Mixture
Standard arguments leading to variational principles are followed and the vari-
ation of the solid displacements is denoted by δus. Then the variational form





























T grad (p̄w) dv = 0
The divergence theorem is applied to the fourth and fifth terms of Eq. 2.52, and



























p̄wdiv (δus) dv = 0




























p̄wdiv (δus) JdV = 0
After combining terms corresponding to b in Eq. 2.54, the final weak form of




























p̄wdiv (δus) JdV = 0 (2.55)
Linear Momentum Balance: Fluid Phase
Similarly, the variation of the Darcy’s velocities is denoted by δvr. The vari-
ational form of balance of linear momentum of the fluid phase (Eq. 2.46) is






















k−1vrdv = 0 (2.56)


























k−1vrdv = 0 (2.57)


























k−1vrJdV = 0 (2.58)
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Mixture Mass Balance
Similarly, the variation of the excess pore-water pressure is denoted by δp̄w.





(δp̄w) div (vs) dv +
∫
Ωt



































(δp̄w) div (vs) dv +
∫
Ωt




































(δp̄w) div (vs) JdV +
∫
Ωτ




























In this chapter, the balance laws governing interaction between soil deforma-
tion and pore-water flow, and their variational statements were derived. The





In this chapter, the finite-element discretization of the equations governing the
response of the soil-caisson system is presented. The incremental forms of the
equations for use in Newton iterations are also described.
3.1 Soil Discretization
The differential equations governing soil response were presented in Chapter
2. In the following sections, the finite-element discretization of these equations
and their incremental forms for Newton iterations are described.
3.1.1 Finite-Element Discretization
The discrete versions of the variational statements (Eqs. 2.55, 2.58, and 2.61)
are developed by adopting approximations to the field variables and restricting
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the variations consistently. The approximations are obtained by interpolation
of the variables from their values at nodes of a finite-element mesh.
The geometry of an element is approximated as:
x = NGX (3.1)
where NG is the matrix of interpolation functions describing the geometry
of an element, and X is a vector containing coordinates of the nodes of the
element.
The field variables and their variations within an element are approxi-
mated as:
us = NsU
s u̇s = NsU̇
s üs = NsÜ
s δus = NsδUs
vr = NrV
r v̇r = NrV̇
r δvr = NrδVr
p̄w = NpP̄






where the vectors Us, Vr, and P̄w represent the nodal values of the solid
displacements, Darcy’s velocities, and excess pore-water pressure, respectively.
The functions Ns, Nr, and Np are the interpolations functions for the solid
displacements, Darcy’s velocities, and pore-water pressure, respectively.
Axisymmetric discretization is accomplished with eight-node, quadratic,
isoparametric, underintegrated finite-elements for solid displacements, and
Darcy’s velocities, with interpolation functions Ns and Nr, respectively. Spa-
tially continuous discretization of excess pore-water pressure is applied using
four-node bilinear finite-elements with interpolation functions Np. The se-
lected scheme for discretization of displacements and pore-water pressure fields
has been known to perform satisfactorily for most practical problems involv-
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ing incompressible as well as nearly incompressible solids (Hughes, 2000; and
Zienkiewicz and Taylor, 1991).
The approximations from Eqs. 3.2 are substituted into the variational
















































































































































For any arbitrary selection of δUs, δVr, and δP̄w the system of equations
represented by Eqs. 3.3-3.5 must hold. The resulting equations can be written
as:
Ψt ≡ Ψ (at) ≡ FI (t) − FE (t) = 0 (3.6)
where a is a vector containing all the field variables, FI is a vector containing
internal nodal forces, and FE is a vector containing external nodal forces.
The nonlinear system of Eqs. 3.6 can be solved by an iterative scheme















∆a = 0 (3.7)





is the tangent stiffness matrix. The incremental correction ∆a to the vector a





= Ri = FI(i) − FE(i) (3.9)
Ri being the residual vector or out-of-balance force vector calculated from the
most recent estimate of the variables a at iteration i.
A series of successive approximations
ai+1 (t) = a (τ) + da = ai (t) + ∆a (3.10)
are computed until convergence is achieved, that is when the magnitude of the
residual vector becomes smaller than a specified tolerance.
The incremental equations obtained for the discrete variational forms


































































































































where ∆Us, ∆Vr, and ∆P̄w are the vectors containing the increments of solid
displacements, Darcy’s velocities and excess pore-water pressure, respectively.
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The expressions for the matrices Mαβ, Cαβ, and Kαβ, and vectors R
α are pre-
sented in Appendix A. Highly nonlinear behavior of the mixture is represented
by Eqs. 3.11, and, in general, all the matrices are required to be added to the
tangent stiffness matrix in order to realize the quadratic convergence of the
Newton’s iterative scheme.
The matrix form represented by Eqs. 3.11 can be condensed as:
M∆ä + C∆ȧ + K∆a = R (3.12)
where the matrix M is the equivalent mass matrix, the matrix C is the equiv-
alent damping matrix, and the matrix K is the equivalent stiffness matrix.
The individual residual vectors Rs, Rr, and Rp are combined in the residual
vector R.
3.1.3 Time-Stepping
The system of equations represented by Eqs. 3.12 is discrete in space but still
continuous in time. In order to solve the system, temporal discretization is
necessary. The backward Euler scheme is adopted for the temporal discretiza-
tion. Although the scheme is only first-order accurate, it is known to be
unconditionally stable (Hughes, 1977). The time-stepping algorithm is given
by:
ai+1 = ai + ȧi+1∆t (3.13)
ȧi+1 = ȧi + äi+1∆t
where a, ȧ, and ä are the vector containing the displacement, velocity, and
acceleration of the field variables, respectively. The increment in time (t − τ) is
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represented by ∆t. Subscript i refers to the variables at time τ , and subscript
i + 1 refers to the variables at current time t.
To obtain the tangent stiffness matrix, incremental relationships be-
tween the field variables and their derivatives are required, and for any time









For the backward Euler scheme, Eqs. 3.14 can be specialized by adopt-
ing:
α = ∆t (3.15)
θ = (∆t)2
With the use of Eqs. 3.15 into the system of Eqs. 3.12, the tangent












Css + Kσ + Kss
1
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Mrr + Crr Krp
1
α










The tangent stiffness matrix is not symmetric. A quasi-symmetric ma-
trix can be obtained by multiplying the second set of equations by ratio θ/α,
and multiplying the third set of equations by factor α. The modified system
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which is equivalent to
KTangent∆a = R (3.18)
3.2 Caisson Modeling and Discretization
A conventional finite-element formulation for solids is adopted to describe
the caisson response. In the following sections, the balance law governing
response of the caisson, and their finite-element discretization and weak forms
are described.
3.2.1 Balance Law: Linear Momentum Conservation
The caisson response is governed by the Cauchy’s equation of motion. For
writing the motion equation in a global form, an arbitrary region fixed in
space is considered. The arbitrary region of volume V c is denoted by Ωct and
is bounded by the surface ∂Ωct of area A
c. The global form of the motion




ρc (b − ac) dV c +
∫
∂Ωct
σ · n dAc = 0 (3.19)
The relationship (Eq. 3.19) must hold for any arbitrary volume, there-
fore, the equation of motion can be written in a local form as:
ρc (b − ac) + div (σ) = 0 (3.20)
where ρc is the mass density of the particles, and a
c is the acceleration of the
particles (ac = ∂vc/∂t = ∂2uc/∂t2).
Appropriate boundary conditions for Eq. 3.20 are as follows:
uc = Ūc on Γcu and σ · n = tc on Γcσ (3.21)
where:
Γcu ∪ Γcσ = ∂Ωct
Γcu ∩ Γcσ = ∅
(3.22)
with Ūc and tc as prescribed boundary displacement and traction vectors,
respectively.
3.2.2 Variational Statement
Standard arguments leading to variational principle are followed, and varia-
tion of caisson displacements is denoted by δuc to obtain the weak form or










T div (σ) dvc = 0 (3.23)
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The divergence theorem is applied to the second term of Eq. 3.23, and after
















σdvc = 0 (3.24)
The weak form (Eq. 3.24) is written with respect to the deformed do-
main or current configuration Ωct at time t, which is not known a priori. It is
convenient to use a previously known or reference configuration (Ωcτ ) at time
τ < t to perform integration of the weak form adopting the Jacobian J c. Af-
ter converting the domain of integration to the reference configuration, the
















σJ cdV c = 0 (3.25)
3.2.3 Finite-Element Discretization
The discrete version of the variational statement (Eq. 3.25) is developed by
adopting approximation to the caisson displacements and restricting the vari-
ations consistently. The approximation is obtained by interpolation of the
caisson displacements from their values at nodes of a finite-element mesh and
is expressed as:
uc = NcU
c u̇c = NcU̇
c üc = NcÜ
c δuc = NcδUc (3.26)
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where the vector Uc represent the nodal values of the caisson displacements,
and the functions Nc are the interpolation functions for the caisson displace-
ments. Axisymmetric discretization of the caisson is accomplished with eight-
node, biquadratic, isoparametric finite-elements for the caisson displacements.
The approximations from Eq. 3.26 are substituted into the variational form

















σJ cdV c = 0
3.2.4 Incremental Equations
The process described in Section 3.1.2 is followed to obtain the incremental
equations for the discrete variational form (Eq. 3.27) in a matrix form:
Mcc∆Ü
c + Kcc∆U
c = Rc (3.28)
where ∆Uc is the vector containing the increments of the caisson displace-







The tangent stiffness matrix Kcc contains contributions from geometric
and material nonlinearities and its integral equation is presented in Appendix




















The matrix representation of third term in Eq. 3.30 is given in Appendix B.
3.2.5 Temporal Discretization
The system of equations represented by Eqs. 3.28 is discrete in space but still
continuous in time. The backward Euler scheme described in Section 3.1.3 is






{∆Uc} = {Rc} (3.31)
which is equivalent to
KcTangent∆U
c = Rc (3.32)
3.3 Summary
The finite-element discretization of the differential equations governing the
response of the soil-caisson system was presented in this chapter. The incre-
mental forms of these equations were also derived for use in Newton iterations.
Contributions to tangent stiffness matrix and residual vectors are presented in





In this chapter, the constitutive models adopted for saturated clayey soil and
caisson are described. Nonlinear mechanical behavior of clayey soil is described
by constitutive equations based on a bounding-surface plasticity theory. Cais-
sons are typically fabricated from steel and are not expected to undergo any
inelastic deformation. The caisson material is assumed to be isotropic, linearly
elastic.
Concepts of the bounding-surface plasticity model are discussed, and
tangent moduli for clay and steel are presented.
4.2 Constitutive Model for Clayey Soil
Plasticity models with two yield surfaces were developed independently by
Dafalias and Popov (1975) and Krieg (1975) to describe metal plasticity. In
this approach, a bounding-surface is defined within which inelastic straining
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is allowed, if loading occurs. The development of these models utilizes a pro-
jection of the state of stress onto the bounding-surface, and an expression for
the plastic modulus as a function of distance between the stress point and
its “image” on the surface. In the last 30 years, bounding-surface plasticity
has undergone extensions, improvements and applications to pressure-sensitive
materials such as soils.
The nonlinear behavior of clayey soil is modeled through a bounding-
surface plasticity model for isotropic cohesive soils (Dafalias and Herrmann,
1982a and 1986; Dafalias, 1986; and Kaliakin and Herrmann, 1991). Based
on the concepts and principles of critical state soil mechanics (Wood, 1990;
and Atkinson, 1993), the bounding-surface plasticity model is a reliable and
versatile tool for representation of clay behavior along arbitrary and complex
stress-strain paths. The constitutive model provides the relationship between
soil effective stress and strain increments.
4.2.1 Theoretical Aspects
The bounding-surface plasticity model provides the relations between incre-
ments of effective stress and strain. The state of the material (clay) is assumed
to be completely defined by the effective stress σeffij and plastic internal vari-
ables qn accounting for the loading history. As expressed by Eq. 2.18, the total





where δij are the components of the Kronecker delta (identity tensor).
The three-part bounding-surface model employed in this work is illus-
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trated in Fig. 4.1. The bounding-surface is expressed in terms of three invari-
ants of the effective stress tensor σeffij : the first stress invariant (I), the square
root of the second deviatoric stress invariant (J), and the “Lode” angle (α),
given by:
















































Repeated indices imply summation (over the range of the indices). S is the
third invariant of the deviatoric stress tensor sij, and σ is the mean (hydro-
static) stress. The Lode angle (α) serves in distinguishing between triaxial
extension and triaxial compression.
The equations describing the three parts of the bounding-surface are of
the form:
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Figure 4.1: Schematic illustration of bounding-surface in stress invariant space.
F
(
Ī , J̄ , α, ep
)
= 0 (4.8)
In Eq. 4.8, ep is inelastic (or plastic) void ratio, the only (scalar) internal
or history dependent variable in the model. The barred quantities correspond
to the image stress on the bounding-surface itself. The image stress σ̄ij is ob-
tained by projecting the actual stress σeffij onto the bounding-surface through







s̄ij = bsij ⇒ J̄ = bJ ; S̄ = bS; ᾱ = bα (4.10)
where b is the projection factor (1 ≤ b ≤ ∞), I0 is the point where the
bounding-surface intersects with the positive I-axis and measures the precon-
solidation pressure, C is a model parameter with 0 ≤ C ≤ 1, and CI0 is center
of projection for the radial mapping rule (see Fig. 4.1).
The elastoplastic relationship between the rates of the (effective) stress




where Depijkl is the fourth-order elastoplastic rigidity tensor (a superimposed








ε̇eij = Cijklσ̇kl (4.13)
where Cijkl are the components of the fourth-order elastic compliance tensor.






where L is a scalar loading index. In the sense of plasticity, loading, neutral
loading, and unloading are represented by L > 0, L = 0, and L < 0, respec-
tively. The Macauley brackets 〈 〉 define the operation 〈L〉 = H (L) L, where
H (L) is the Heavyside step function defined as zero at L = 0. The loading























where Kp is the plastic modulus, determined from the so-called “consistency
condition” Ḟ = 0:




In the above expression H represents the shape hardening function, and
δ is the “distance” in stress space between the actual stress point and its image
point on the bounding-surface (Dafalias and Popov, 1975). The elastic-zone
parameter Sp in the Eq. 4.16 defines the extent of the elastic nucleus (Dafalias
and Herrmann, 1986). A domain of purely elastic behavior is represented by
the locus of states for which δ > r/Sp. The distance in stress space between
the center of projection and the image stress is denoted by r and the bounding
plastic modulus at the image stress is given by:








where ein denotes initial value of the void ratio associated with the reference
configuration with respect to which the strain rate is measured.
The shape hardening function H is specified as:
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H = 1 + ein
λ − κ Pa [z
















where Pa is the atmospheric pressure, the variable z is a weighing factor with
respect to h (α) and h0 and it is defined by z = J/J1 (see Fig. 4.1), the
exponent m is a positive model parameter, λ and κ represent the slopes, in
e−ln(p) space, of the virgin consolidation and recompression lines respectively,
for either isotropic or one-dimensional (anisotropic) consolidation, and h (α) is
a shape hardening factor that defines the degree of hardening for points within




1 + µ − (1 − µ) sin (3α)
]
hc (4.19)
with µ = he/hc. Finally, h0 is a hardening parameter for states in the im-
mediate vicinity of the I-axis (i.e., z ≈ 0) and is typically set equal to the
average of the hardening parameters for triaxial compression and extension
states denoted by hc and he, respectively.
4.2.2 Three-Part Bounding-Surface
















































Ī − (T + 2ζ) I0
]
+ ρJ̄2 = 0 (4.22)
where:
ζ = −T (Z + TF
′)
Z + 2TF ′
; ρ =
T 2

















N being the slope of the critical state line, in general, a function of the Lode
angle, the parameter R defining the ratio of the major to minor axes of el-
lipse 1, the parameter A controlling the shape of the hyperbolic portion of the
bounding-surface, and the parameter T adjusting the size of ellipse 2 (asso-
ciated with the tensile strength of the material). A detailed description and
typical values for each parameter are given by Herrmann et al. (1987) and
Kaliakin and Herrmann (1991).
4.2.3 Numerical Implementation
The bounding-surface plasticity model implementation described by Kaliakin
and Herrmann (1991) was provided by Kaliakin (2000) for the computations
70
presented in this dissertation. The model is numerically implemented adopting
an adaptive multistep integration procedure along with local iteration and
radial return algorithm as described by Herrmann et al. (1987).
4.2.4 Ageing of Clayey Soil
Soils are known to age and change with time. During the ageing process
significant changes in soil strength have been observed (Mitchell, 1986; and
Schmertmann, 1991).
The ageing of soil is considered in this work adopting an expression
for the slope of the virgin consolidation curve λ as a function of time. From
consolidation tests, the slope λ at initial time (t = 0) and its long-term value
(t → ∞) can be obtained. The slope λ can then be obtained at any interme-
diate time t by interpolation:








where λ∞ (p) and λ0 (p) are the slopes at time 0 and ∞, respectively and are
explicitly shown as functions of the pressure p. The interpolation parameter
τ appearing in Eq. 4.24 is to be determined from the observations.
4.3 Constitutive Model for Caisson
Caissons are typically fabricated from steel. The caisson material is assumed
to remain isotropic and linearly elastic. Thus, the relationship between the
rates of the stress σ̇ij and strain ε̇ij is given by:
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σ̇ij = Eijklε̇kl (4.25)
where the tensor of tangent elastic moduli is given by:
Eijkl = Kδijδkl + G
(






with K and G being the bulk and shear moduli, respectively.
4.4 Summary
The constitutive relationships adopted for saturated clayey soil and caisson
were described in this chapter. Concepts of the bounding-surface plasticity






The interior and exterior soil-caisson interfaces are modeled with a contact
algorithm based on a slide-line formulation (Hallquist et al., 1985) that allows
for large relative displacements between the caisson and the soil. The slide-
line formulation involves nodes on the soil side of the interface and surface
elements on the caisson side.
In the contact algorithm, penetration of soil nodes into the caisson is
prevented with constraints imposed on the solid displacement using Lagrange
multipliers. Friction between the soil and the caisson is assumed to obey
the classical Coulomb law. Two conditions, stick and slip, are distinguished
on the basis of the level of interface frictional force in comparison with the
Coulomb force. In addition, flow of water (Darcy’s velocity) normal to the
caisson surface is prevented through the contact algorithm.
Additional soil-to-soil contact elements are defined to treat interaction
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between “interior” and “exterior” soil interfaces below the caisson tip and along
the path of caisson penetration. Continuity of solid displacements, Darcy’s ve-
locity, and excess pore-water pressure is enforced through Lagrange multipliers.
Therefore, for a node that is in contact with a surface element, contact con-
tributions arising from constraining solid displacement, Darcy’s velocity, and
excess pore-water pressure and contribution from the frictional interface are
added to the tangent stiffness matrix and the residual vector during Newton
iterations. The contact contributions arising from the constraints are obtained
following the so-called “direct approach” discussed in Zhong (1993).
The slide-line contact formulation is developed in terms of effective
forces along the interface, which are integrals of the effective traction along
the interface. By the arrangement of the governing differential equations for
the mixture and the corresponding weak statements, it is straightforward to
extract these effective forces along the interface.
In this chapter, various contributions arising from the contact algorithm
to the tangent stiffness matrix and the residual vector are described.
5.2 Solid Displacement Contribution
The slide-line algorithm requires definition of slave nodes and master segments.
The slave nodes are associated with the contact surface and the master seg-
ments are associated with the master (or target) surface as shown in Fig. 5.1.
The algorithm monitors penetration of the slave nodes into the master seg-
ments and once contact is established, i.e., penetration is detected, the contact











Point of contact ( )c
n
t
Figure 5.1: Definition of the slide-line formulation.
In general, the contact algorithm can be divided into three steps: identi-
fication of contact point; evaluation of penetration condition; and application
of constraints, if contact is established.
5.2.1 Identification of Contact Point
The slave nodes that may potentially penetrate the target surface are either
specified or identified. The point of contact (c) for each node is located in
such a way that the distance between the slave node and the contact point
is minimized. Therefore, the point of contact is the orthogonal projection of
a slave node onto a master segment. In other words, the point of contact
is obtained in such a way that the relative position vector (xsc) between the
contact point and the slave node is normal to the tangent vector at the point
of contact on the target surface. This is expressed as:
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tTxsc = t
T (xc − xs) = 0 (5.1)
where t is a unit vector tangent to a master segment at the point of contact
c having position vector xc, and the position vector of the slave node under












Figure 5.2: Definition of the slave node penetration into the master segment.
Upon finite-element discretization of the master segment, the position
xs and the tangent vector t can be obtained as:
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XM = N,ξXM (5.3)
n = −e3 × t (5.4)
where N is the matrix containing interpolation functions of the natural coordi-
nate ξ (−1 ≤ ξ ≤ 1) of the master segment, and XM is the vector containing
nodal coordinates of the nodes describing the master segment. The unit vector
e3 is directed along the positive x3-direction and n is a unit normal vector to
the master segment at the contact point.
With the use of Eqs. 5.2 and 5.3, Eq. 5.1 can be rewritten as:
(XM)
T (N,ξ)
T [NXM − xs] = 0 (5.5)
which is nonlinear in ξ and requires an iterative scheme such as Newton’s
method to obtain ξ̂ satisfying the orthogonality requirement posed by the
equation. A contact element or pair is established if the value of ξ̂ satisfies
−1 ≤ ξ̂ ≤ 1.
5.2.2 Evaluation of Penetration Condition
The detection of slave-node penetration into the associated master segment is
performed in this step. The minimum distance l between the slave node and
the contact point is calculated as:
l = nTxsc = n
T (xc − xs) = nT (NXM − xs) = nTHsX (5.6)
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where the vector X contains coordinates of the nodes defining the master
segment and the slave node, and the matrix Hs is defined such that
(NXM − xs) = HsX (5.7)
An open gap between the contact surface and the target surface at ξ̂ is
represented by a negative value of the penetration l. In that case, contributions
are not added to the system of equations and the third step is omitted. Oth-
erwise, the contact between the surfaces at ξ̂ is established if the penetration
l is positive, i.e.,
l > 0 ⇒ Penetration (5.8)
5.2.3 Application of Constraints
Fulfillment of Eq. 5.8 indicates penetration of the slave node into the master
segment. Therefore, it is necessary to enforce constraint to prevent the pen-
etration. The constraint is applied using Lagrange multiplier λs to make the
penetration l equal to zero, i.e., l = 0. The constrain is written as:
λsl = 0 (5.9)
The value of the Lagrange multiplier is equal to the negative of the
(compressive) force required to push the slave node back onto the master
segment. The internal force vector fsl acting on the slave node is given by:
fsl = −λsn (5.10)
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In addition, equal in magnitude but opposite in direction force is consistently
distributed to the nodes of the master segment as:
fM = λsN
Tn (5.11)
The virtual work performed by the nodal forces can be written as:
Π̂cs = (δUM)

























T HTs nλs (5.14)
In incremental form, Eqs. 5.6 and 5.14 become:




T HTs n∆λs (5.16)

































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. For the large deformation problem at hand, additional contributions arising
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from the changes in Hs and n are taken into account to improve the rate of
convergence (Wriggers and Simo, 1985). The complete expressions for the
tangent contributions are presented in Appendix C.
The contributions expressed by Eq. 5.17 are added to the global sys-
tem of equations as long as the penetration condition (Eq. 5.8) is satisfied.
The contact contributions associated with the solid displacements ∆Us are
assembled with the equation describing linear momentum balance of the mix-
ture developed in Chapter 2. Hence, the internal compressive forces obtained
from the Lagrange multipliers λs are due to the total stresses. Whenever an
open gap condition is encountered during the analysis, the contributions are
excluded. In such a case, compression forces are no longer acting at the nodes
that were in contact previously. However, within the numerical implementa-
tion of the contact formulation, a small amount of separation (open gap) is
considered as “contact” and all the contributions are added.
5.3 Darcy’s Velocity Contribution
Once the contact is established between a slave node and corresponding point
ξ̂ on a master segment, it is necessary to consider the contact contributions
arising from the equation describing linear momentum balance of the fluid
phase alone. The constrain is enforced in terms of the flux across the interface.
If the slave node is in contact with soil from the other side, then the water flux
into one side of the interface must be equal to the water flux out of the other
side of the interface. The constraint is applied by requiring that the normal
component of the Darcy’s velocities from both the sides of the interface equal
to each other at the point of contact. The constraint is enforced using a
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Lagrange multiplier to set the relative normal component of Darcy’s velocity
at the point of contact equal to zero (see Fig. 5.3). If the slave node is in
contact with the caisson, then the normal Darcy’s velocity at the slave node


























Figure 5.3: Darcy’s velocity contribution.
5.3.1 Evaluation of Contact Condition
The Darcy’s velocities at the slave node and the point of contact are denoted
by vrs and v
r
c , respectively. The Darcy’s velocity at the point of contact is in-
terpolated from the Darcy’s velocities at the nodes associated with the master
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where Nr are the interpolation functions adopted for Darcy’s velocity, and V
r
M
is the vector of Darcy’s velocities at the nodes of the master segment. The
relative Darcy’s velocity lr at the interface in the normal direction at the point
of contact is calculated as:
lr = n
Tvrsc = n
T (vrc − vrs) = nT (NrVrM − vrs) = nTHrVr (5.19)
where the vector Vr contains Darcy’s velocities at the master segment nodes
and at the slave node, and the matrix Hr is defined such that
(NrV
r
M − vrs) = HrVr (5.20)
5.3.2 Application of Constraints
The normal relative Darcy’s velocity is set to zero using Lagrange multiplier
λr as:
λrlr = 0 (5.21)
The value of the Lagrange multiplier λr is equal to negative of the force re-
quired to enforce null relative flux across the interface. This force is acting at
the slave node and force equal in magnitude but opposite in direction is acting
on the master segment at the point of contact.
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The virtual work performed by these internal nodal forces can be written
as:
Π̂cr = (δVr)
T HTr nλr (5.22)





T HTr n∆λr (5.24)

































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. Additional contributions to the tangent stiffness matrix arising from the
changes in Hr and n are presented in Appendix C.
The contributions expressed by Eq. 5.25 are added to the global system
of equation as long as the penetration condition (Eq. 5.8) is satisfied. The
contact contributions associated with the Darcy’s velocity ∆Vr are assembled
with the equation describing linear momentum balance of the fluid phase de-
veloped in Chapter 2. Hence, the internal compressive forces obtained from
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the Lagrange multipliers λr are due to the pore-water pressure. The equa-
tions related to the Darcy’s velocity are multiplied by a factor of θ/α (see
Section 3.1.3, Eq. 3.17). Therefore, multiplying Eq. 5.25 by the factor θ/α,
the contribution to the tangent stiffness matrix is given by:





















The above contributions are added when the slave node is in contact
with soil from the other side, thus enforcing lr = 0. If the slave node is in
contact with the caisson, i.e., an impermeable boundary, then Darcy’s velocity
VrM associated with the master segment is equal to zero. The matrix and
vector contributions (Eq. 5.26) with VrM = 0 will set the normal Darcy’s
velocity component at the slave node equal to zero. Only flow tangentially to
the interface is allowed.
5.4 Excess Pore-Water Pressure Contribution
Once contact is established between a slave node and the corresponding point
ξ̂ on the master segment, it is necessary to consider the contact contributions
arising from the equation describing balance of mixture mass. The contri-
bution is enforced only when the slave node is in contact with soil from the
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other side. A constraint is required to enforce continuity of the excess pore-
water pressure across the interface. The constraint is implemented to set the
difference in excess pore-water pressure across the interface equal to zero.
5.4.1 Evaluation of Contact Condition
The excess pore-water pressures at the slave node and the point of contact
are denoted by p̄ws and p̄
w
c , respectively. The excess pore-water pressure at the





where the interpolation functions for the pressure are denoted by Np, and the
vector P̄wM contains values of the pressure at the nodes associated with the
master segment.
The difference in pressure lp across the interface is expressed as:
lp = p̄
w








where the vector P̄w contains nodal values of pressure at the master segment








5.4.2 Application of Constraints
The difference in pressure lp is set to zero using the Lagrange multiplier λp as:
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λplp = 0 (5.31)
The value of the Lagrange multiplier λp is equal to the negative of the flux
required for the difference in pressure across the interface to vanish.



















































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. An additional contribution to the tangent stiffness matrix arising from the
changes in Hp is presented in Appendix C.
The contributions expressed by Eq. 5.35 are added to the global system
of equations as long as the penetration condition (Eq. 5.8) is satisfied. Specif-
ically, the contact contribution associated with the excess pore-water pressure
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∆P̄w are assembled with the equation describing balance of the mixture mass
developed in Chapter 2. Therefore, the Lagrange multiplier λp measures flux
through the interface. The equations related to excess pore-water pressure are
multiplied by a factor of α (see Section 3.1.3, Eq. 3.17). Multiplying Eq. 5.35

















The above contributions are added when the slave node is in contact
with soil from the other side, enforcing lp = 0. If the slave node is in con-
tact with the caisson, i.e., an impermeable boundary, then the contributions
expressed by Eq. 5.36 are excluded.
5.5 Frictional Contact Contribution
Frictional behavior between the soil and the caisson is considered by adopting
the classical Coulomb law (Fig. 5.4). After contact is established between a
slave node and the corresponding point ξ̂ on a master segment, it is necessary
to consider the contact contributions arising from the frictional force across
the interface.
Frictional force along the interface is a function of the effective normal
force, computed as the difference between interface forces due to total stress
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Figure 5.4: Definition of the Coulomb friction law.
and excess pore-water pressure. These interface forces are extracted from the
virtual work equations presented in Chapter 2. The first term in Eq. 2.55 is
the virtual work of the surface traction due to total stresses, which, within the
finite-element framework, leads to the (consistent) definition of the equivalent
total force. Similarly, the first term in Eq. 2.58 is the virtual work of the
surface traction due to excess pore-water pressure, giving rise to the equivalent
excess pore-water force. Therefore, the virtual work of the surface traction due
to effective stresses, or the equivalent effective force, can be obtained as the
difference between the former and the latter. This way of extracting the forces
due to effective traction is possible because of the way the governing equations
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are crafted and the fact that the interpolation functions adopted for the solid
displacements and Darcy’s velocities are identical.
Two conditions, stick and slip, are distinguished on the basis of the
level of interface frictional force in comparison with the Coulomb force, taken
equal to the effective compressive (normal) force multiplied by the soil-caisson
interface friction coefficient µ. In the stick condition, the frictional force is less
than the Coulomb frictional force and, therefore, the relative motion along
the interface vanishes. In the slip condition, the frictional force is set equal
to the Coulomb frictional force and, therefore, finite relative motion along the
interface occurs.
5.5.1 Evaluation of Contact Condition
The tangential motion along the interface is expressed in terms of the relative
tangential velocity between the slave node and the point of contact (ξ̂). The
tangential velocities at the slave node and the contact point are denoted by
vss and v
s
c, respectively, and the various vectors are defined as in Fig. 5.5.
Then the tangential velocity at the contact point can be interpolated from the




where the interpolation functions for the velocity are denoted by Ns, and the
vector VsM contains velocities of the nodes of the master segment.
The relative tangential velocity (m) along the interface is calculated as:
m = tTvssc = t



























Figure 5.5: Definition of relative tangential velocity at contact.
where the vector Vs contains the (solid) velocities at the master segment nodes
and the slave node, and the matrix Hs is defined by Eq. 5.7.
5.5.2 Stick Condition
For the stick condition, the relative tangential velocity along the interface
vanishes. This constraint is enforced using the Lagrange multiplier λf , and
can be written as:
λfm = 0 (5.40)
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The value of the Lagrange multiplier λf is equal to the negative of the
frictional force acting at the interface, on the slave node as well as the master
segment nodes. This frictional force performs virtual work given by:
Π̂cF, Stick = (δUs)
T HTs tλf (5.41)
In incremental form, Eqs. 5.39 and 5.41 become:
∆m = tTHs∆V
s (5.42)
∆Π̂cF, Stick = (δUs)
T HTs t∆λf (5.43)
With the use of the relationship between the increment of (solid) displacements
∆Us, and the increment of (solid) velocities ∆Vs obtained for the backward
Euler time-stepping scheme, the following matrix form can be obtained from



































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. Additional contributions to the tangent stiffness matrix arising from the
changes in Hs and t are presented in Appendix C.
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5.5.3 Slip Condition
For the slip condition, the frictional force is set equal to the Coulomb frictional
force and finite relative motion along the interface is allowed. The frictional
force is calculated as:
Ff = µFsf (m) (5.45)
where Ff is the internal frictional force acting along the interface, µ is the
coefficient of friction, f (m) is a function that provides the direction of the
frictional force and it is defined as f (m) = sign (m) = m/‖m‖, and Fs is the
normal force due to effective stresses. The normal force Fs is calculated as
the difference between the normal forces due to total stresses and pore-water
pressure:
Fs = (−λs) − (−λr) (5.46)
The virtual work performed by the frictional force is given by:
Π̂cF, Slip = − (δUs)T HTs tFf = (δUs)T HTs tµ (λs − λr) f (m) (5.47)
In incremental form, Eq. 5.47 becomes:
∆Π̂cF, Slip = (δUs)
T HTs tµ (∆λs − ∆λr) f (m) (5.48)



































































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. Additional contributions to the tangent stiffness matrix arising from the
changes in Hs and t are presented in Appendix C.
5.5.4 Stick-Slip Transition
Within every Newton iteration, the contact algorithm monitors changes in
the frictional contact conditions. The transition from stick condition to slip
condition and vice-versa is handled according to the following procedure:
• Stick condition: The frictional force is set equal to the negative of the
Lagrange multiplier λf , and the following two cases are checked:
1. If the frictional force is smaller than the Coulomb frictional force,
the contact condition remains as stick.
2. Otherwise, the contact condition is changed to slip and the frictional
force is set equal to the Coulomb frictional force.
• Slip condition: The sign of the relative tangential velocity (m) is mon-
itored, and the following two cases are considered:
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1. If m changes sign, then the contact condition is changed to stick.
2. Otherwise, the contact condition remains as slip.
5.6 Contribution at Release Condition
If the penetration condition (Eq. 5.8) is not satisfied, then there will be an open
gap between the interfaces and, therefore, the contact contributions developed
in the Section 5.2 are excluded. The open gap in the porous media is filled
with water, therefore, the excess pore-water pressure acts on both the sides
of the interface. In terms of the Lagrange multipliers λr, the virtual work
performed by the excess pore-water pressure is expressed as:
Π̂cR = (δUs)
T HTs nλr (5.50)
In incremental form, the virtual work (Eq. 5.50) is given by:
∆Π̂cR = (δUs)
T HTs n∆λr (5.51)



































































where the matrix on the left is the contribution to the tangent stiffness matrix
KTangent, and the vector on the right is the contribution to the residual vector
R. Additional contributions to the tangent stiffness matrix arising from the
changes in Hs and n are presented in Appendix C.
5.7 Summary
In this chapter. the treatment of contact between caisson-soil interfaces and
soil-soil interface below the caisson tip was developed based on a slide-line
formulation. Various contributions arising from the contact algorithm to the
tangent stiffness matrix and the residual vector were derived, and their ex-




During simulation of the caisson installation process, the contact algorithm
described in Chapter 5 requires a priori knowledge of penetration path of
the caisson. This requirement imposes a limitation as the actual path is not
known. A remeshing tool is developed to remove this limitation.
In this chapter, the remeshing strategy, mapping of field and state vari-
ables from the old finite-element mesh to the new one, and implementation of
the remeshing algorithm within the computational procedure are described.
6.1 Definition of the Penetration Path
The term “path of penetration” for the caisson wall is described with reference
to Fig. 6.1. The path of penetration is defined as the locus of soil material
points in the undeformed (initial) configuration that comes in contact with the
caisson wall in the deformed (final) configuration. As illustrated in Fig. 6.1,
the caisson penetrates along the dotted vertical line a−b (or a′−b′). The path
represented by the solid line a−o−b (or a′−o′−b′) in the initial (undeformed)
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configuration (see Fig. 6.1a) comes in contact with the caisson wall in the final
(deformed) configuration (see Fig. 6.1b). The solid line a−o−b (or a′−o′−b′)











(a) Initial configuration (b) Final configuration
Figure 6.1: Definition of the caisson penetration path.
6.2 Necessity of Remeshing
In the earlier numerical study by Vásquez (2000), the path of penetration was
assumed to be in the axial direction and aligned with the center-line of the
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caisson wall. In addition, during the analysis, the path of penetration was
held in position by not allowing the nodes, lying along the interface, to move
laterally. This fictitious requirement imposes constraints on soil deformation
during caisson penetration thus affecting the state of stress in the soil. In turn,
the estimated capacity of the caisson may be influenced by the soil condition
in the vicinity of the caisson wall. Therefore, it is desirable to eliminate a
priori assumption regarding the path of penetration.
The remeshing tool described below determines the path of penetration
as installation of the caisson progresses. For this remeshing scheme, the as-
sumed path of penetration is allowed to move freely. As the installation of the
caisson progresses, the deformed penetration path is adjusted by means of the
remeshing scheme so that it remains straight in the axial direction during the
course of installation.
6.3 Remeshing Algorithm and Implementation
A typical remeshing algorithm requires generation of a new (adjusted) mesh
from the old mesh, and mapping of field variables (at nodes) and state variables
(at integration points) from the old mesh to the new mesh. This section
provides details regarding the remeshing algorithm and its implementation
within the computational procedure.
6.3.1 Selection of Elements for Remeshing
The remeshing or adjustment to the finite-element mesh is performed locally
below the caisson tip, and along the interior-exterior soil interface. At a partic-
ular instant of remeshing, based on the location of the caisson tip, one column
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Figure 6.2: Selection of finite-elements for remeshing.
To select the elements, first the nodes located below the caisson tip and
associated with both surfaces of the interface are identified. Identification of
the nodes is achieved by comparing their radial coordinate with the radial
coordinate of the caisson tip. Therefore, if a node is located below the caisson
tip and has difference between its radial coordinate and the caisson tip radial
coordinate less than a specified tolerance ε, then the node is selected for ad-
justment. The strategy for the identification of the nodes can be expressed
as:
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ztip > znode and ‖rtip − rnode‖ ≤ ε ⇒ node be adjusted (6.1)
where ztip (rtip) and znode (rnode) are the vertical (radial) coordinates of the
caisson tip and the node, respectively. In the course of caisson penetration,
the number of nodes selected for adjustment decreases as only the nodes below
the caisson tip are selected.
From the nodes identified as per Eq. 6.1, the elements containing these
nodes are selected for remeshing. The selection of elements is based on position
of its interface nodes with respect to position of the caisson tip, therefore,
elements both partially or completely below the caisson tip are selected. Two
columns of elements selected for adjustment are shown in Fig. 6.3.
6.3.2 Generation of New Mesh
After selection of the elements to be adjusted, the new mesh is generated in
such a way that the line of nodes associated with the interface becomes axially
straight below the caisson tip as shown in Fig. 6.3. The elements before and
after adjustment are plotted in Fig. 6.3 as dotted and solid lines, respectively.
Similarly, the nodes before and after adjustment are plotted as hollow and
solid circles, respectively. The interface that is “off” the axial direction before
remeshing becomes axially straight after remeshing. The volume contained
between (spatial) locations of the interface before and after remeshing repre-
sents amount of soil flowing from one side of the interface to the other. The
amount of displaced soil is shown as hatched area in Fig. 6.3.
As mentioned earlier, the remeshing is performed locally. Therefore,









Figure 6.3: Selected finite-element columns for remeshing (left), and remeshing
of typical elements (right).
The number of nodes relocated during remeshing depends on the location of
the caisson tip with respect to the element. As demonstrated in Fig. 6.4, if
the element is located completely below the tip, then five out of eight nodes
require relocation. If there are two nodes below the tip then three nodes
require relocation, and if there is only one node below the tip, then two nodes
require relocation.
The nodes which are not relocated are fixed during remeshing as other





Nodes to be relocated
Figure 6.4: Number of nodes to be relocated.
ating a new mesh that is conforming along the interface as well as a non-
conforming one have been implemented. In this section, conforming as well as
non-conforming mesh generation is described. In the computations, only the
conforming mesh generation is adopted based on the choice made for contact
algorithm (see Chapter 5).
Generation of a conforming mesh requires knowledge of element data
from the two sides of the interface. Therefore, special care needs to be ex-
ercised to make the required data available for calculation of coordinates of
the new nodes. On the other hand, generation of a non-conforming mesh
does not require information regarding neighboring elements and, therefore,
its implementation is straightforward.
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Conforming Mesh
In the conforming mesh, the new nodes along the interface are relocated in
such a way that they are aligned with the corresponding nodes from the other
side of the interface. The remaining (middle) nodes are shifted appropriately
and maintained at the midpoints of the element sides. The nodes-relocation









































Figure 6.5: Relocation of nodes to generate conforming mesh.
For the element located completely below the tip (see Fig. 6.5a), the
following sequence is adopted:
• Relocate nodes 3L and 1R at the intersection of a line joining nodes 1L
and 3R and the axial line passing through the tip;




























Figure 6.6: Node-relocation scheme for three nodes below the tip.
nodes 7L and 5R and the axial line passing through the tip;
• Node 4L (8R) is relocated at the middle between nodes 3L and 5L (1R
and 7R);
• Node 2L (2R) is relocated at the middle between nodes 1L and 3L (1R
and 3R);
• Node 6L (6R) is relocated at the middle between nodes 7L and 5L (7R
and 5R).
A detailed view of the finite-elements, located completely below the tip, before
and after remeshing is presented in Fig. 6.6.
For the element having two nodes at the interface located below the tip
(see Fig. 6.5b), the following sequence is adopted:
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• Relocate nodes 3L and 1R at the intersection of a line joining nodes 1L
and 3R and the axial line passing through the tip;
• Node 2L (2R) is relocated at the middle between nodes 1L and 3L (1R
and 3R);
• Node 4L (8R) is relocated at the middle between the midpoints of sides
3L-5L and 1R-7R.
For the element having one node at the interface located below the tip
(see Fig. 6.5c), the following sequence is adopted:
• Relocate nodes 3L and 1R at the intersection of a line joining nodes 1L
and 3R and the axial line passing through the tip;
• Node 2L (2R) is relocated at the middle between nodes 1L and 3L (1R
and 3R).
Non-Conforming Mesh
In the non-conforming mesh, the new nodes are relocated in such a way that
the element edges in the radial direction become horizontal after remeshing,
thus preventing the new nodes from becoming conformal along the interface.
The node-relocation procedure is shown in Fig. 6.7.
For the element located completely below the tip (see Fig. 6.7a), the
following sequence is adopted:
• Node 3L is relocated at the radial projection of node 1L onto the axial

























Figure 6.7: Relocation of nodes to generate non-conforming mesh.
• Similarly, node 5L is relocated at the radial projection of node 7L onto
the axial line passing through the tip;
• Node 4L is relocated at the middle between nodes 3L and 5L;
• Node 2L is relocated at the middle between nodes 1L and 3L;
• Node 6L is relocated at the middle between nodes 7L and 5L.
For the element having two nodes at the interface located below the tip
(see Fig. 6.7b), the following sequence is adopted:
• Node 3L is relocated at the radial projection of node 1L onto the axial
line passing through the tip;
• Node 4L is relocated at the middle between nodes 3L and 5L;
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• Node 2L is relocated at the middle between nodes 1L and 3L.
For the element having one node at the interface located below the tip
(see Fig. 6.7c), the following sequence is adopted:
• Node 3L is relocated at the radial projection of node 1L onto the axial
line passing through the tip;
• Node 2L is relocated at the middle between nodes 1L and 3L.
For the elements on the other (right) side of the interface, the nodes are
relocated using a similar procedure (see Fig. 6.7).
6.3.3 Mapping of Field and State Variables
In this section, the mapping of field variables at nodes and state variables at
integration points between the old mesh and new meshes is described.
Nodal Field Variables
After generation of the new mesh, the nodal quantities are transferred or
mapped from the old mesh to the new mesh using the corresponding element
shape functions. As described in Chapter 2, the finite-element discretization is
applied to solid displacements, Darcy’s velocities, and excess pore-water pres-
sure. Therefore, variables related to the three fields and their time derivatives
need to be mapped. Mapping of nodal field variables is performed only for the
relocated nodes. For the fixed nodes mapping is not required as their spatial
position does not change due to remeshing.
Before mapping the variables to a new node n, it is required to determine
the element E0 in the old mesh that contains this node (see Fig. 6.8). Within
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a typical remeshing algorithm, determination of the element E0 is performed
through efficient search algorithms such as those based on triangulation and
search tree data structures (Krause and Rank, 1996). As a relatively small
number of elements are involved in remeshing in the present study, a straight-
forward search is adopted. For a node under consideration such as node n,
a search within the elements selected for remeshing is performed until the
element E0 is found.
New node n
Old element E0
( , )x  h
x
h
( , )r  z
Master element
Figure 6.8: Determination of the element containing the new node.
With the use of the finite-element discretization of computational do-
main, coordinates of a point x within an element is interpolated using co-
ordinates X of the nodes associated with the element. The interpolation of
coordinates is expressed as:
x = N (ξ, η)X (6.2)
where the matrix N contains interpolation functions. The vector of coordi-
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nates xn = [r̄, z̄]
T of node n is known. Therefore, the inverse of the mapping
expressed by Eq. 6.2 is required (Murti and Valliappan, 1986). The inverse
isoparametric mapping is represented by:
N (ξ, η)X − xn = 0 (6.3)
Eq. 6.3 is nonlinear in ξ and η, and requires an iterative scheme such
as the Newton’s method to obtain the inverse mapping (Carey, 1997). The
iterative scheme will return the values of ξ̄, η̄ that satisfy Eq. 6.3 for the given
xn. If the condition −1 ≤ (ξ̄, η̄) ≤ 1 is satisfied, then the element E0 contains
the node n.







where the vector g represents a generic nodal variable (at node n) such as
solid displacement, Darcy’s velocity, excess pore-water pressure and their time
derivatives, the vector G represent corresponding nodal variable at the old
nodes of the element E0, and the shape functions N
g represents eight-node
biquadratic functions for solid displacements and Darcy’s velocities, and four-
node bilinear functions for excess pore-water pressure.
Integration-Point State Variables
The state variables to be mapped at integration points are stress components
σij, size of the bounding-surface I0, and porosity nw. In order to achieve
mapping of integration-point variables, it is first required to obtain values of
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the variables at the old nodes. The variables are then interpolated to a new
integration point after locating the point in an old element.
The nodal values are estimated using global least-squares smoothening
of the state variables from their known values at the old integration points of
the elements selected for remeshing. The least-squares smoothening procedure
involves minimization of the square of difference between known and estimated
values of the field variables at the old integration points (Hinton and Campbell,
1974).
Let the vector h contain known values of the state variables (prior to
smoothening) at an old integration point, and the vector H contain unknown
values of the state variables (to be determined by smoothening) at the old
nodes. The smoothened values of the state variables ĥ in an old element are
obtained using:
ĥ = NH (6.5)
where the matrix N contains interpolation functions adopted to represent el-
ementwise approximation of the state variables. The least-squares problem











(NH − h)2 dV (6.6)






The minimization Eq. 6.7 produces a set of linear simultaneous equa-
tions in H that can be solved easily by standard solution procedure. The
resulting linear system is expressed as:










where the “mass” like matrix M̂ is a well-conditioned, positive definite sym-
metric matrix.
Once nodal quantities are obtained using the least-squares procedure,
mapping of the integration state variables is performed adopting the following
steps (see Fig. 6.9):
• The position (r, z) of a new integration point (ξ, η)new within a new ele-
ment is obtained using interpolation of the new nodal coordinates;
• The old element E0 that contains the position (r, z) is determined us-
ing the inverse isoparametric mapping technique described by Eq. 6.3.
The procedure determines the old element E0 and the local coordinates










Figure 6.9: Mapping of state variables at integration points.
• From the smoothened nodal state variables obtained by the least-squares
procedure described earlier (Eq. 6.8), and knowing (ξ, η)old, the variables
are mapped to the new integration point using interpolation functions.
The procedure described above can be written as:
(ξ, η)
new
→ (r, z) → {E0, (ξ, η)old} ⇒ N (ξ, η)old H = hnew (6.10)




After generation of the new mesh and mapping of nodal as well as integration-
point variables, data structures containing the old coordinates and variables
are replaced by the new coordinates and variables. The analysis of caisson
installation then resumes with the new mesh.
6.4 Another Remeshing Tool
Another remeshing tool has been developed to adjust the finite-element mesh
along the caisson-soil interfaces. This tool is intended for eliminating distor-
tion of the soil elements along the caisson-soil interfaces and is convenient in
cases where a high coefficient of friction on the soil-caisson interfaces leads to
significant finite-element distortion. This remeshing tool was not used in the
simulation described in this dissertation, as it turned out to be unnecessary
for the cases investigated.
6.5 Summary
The remeshing strategy developed to predict the path of caisson penetration
was described in this chapter. In addition, mapping of field and state variables
from the old finite-element mesh to the new one, and implementation of the





Three-dimensional problems arising for caissons subjected to inclined loads
are analyzed using ABAQUS, a commercially available finite-element pro-
gram. The deformed geometry and field as well as state variables obtained
from the caisson installation analysis, performed using the computational pro-
cedure developed in the previous chapters, are specified as initial geometry
and conditions for the three-dimensional analysis.
An overview of the ABAQUS software and details regarding generation
of three-dimensional model of soil-caisson system subjected to inclined loads
are presented in this chapter.
7.1 ABAQUS
ABAQUS is a general purpose finite-element analysis program developed by
Hibbitt, Karlsson & Sorenson, Inc. (HKS, 1998 and 2000). It includes three
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core products: ABAQUS/Standard, ABAQUS/Explicit, and ABAQUS/CAE.
ABAQUS/Standard was adopted to perform three-dimensional simulation of
laterally-loaded caisson behavior. ABAQUS/Standard provides programs to
perform implicit finite-element analyses such as static, dynamic, and thermal,
with possibilities of contact interaction and material nonlinearities.
ABAQUS/Standard has an extensive library of elements to analyze a
variety of engineering problems. Families of elements available to perform
stress analysis are: continuum (solid) elements, shell elements, beam elements,
rigid elements, membrane elements, infinite-elements, truss elements, connec-
tor elements, and other special-purpose elements. ABAQUS/Standard has a
comprehensive library of material models to represent linear, nonlinear, vis-
coelastic, isotropic, and anisotropic behavior of common engineering materials.
ABAQUS/Standard provides procedures to perform a variety of analysis, such
as static analysis, dynamic analysis, steady-state transport analysis, thermal-
stress analysis, electrical analysis, coupled pore-fluid flow and stress analysis,
mass diffusion analysis, acoustic analysis, and underwater shock analysis. In
addition, user-defined subroutines can be incorporated to use element formu-
lations and material models that are not available in ABAQUS/Standard.
For additional information regarding ABAQUS/Standard, reference is
made to the ABAQUS/Standard-User’s Manual (HKS, 2000).
7.2 ABAQUS Treatment of Porous Media
ABAQUS/Standard incorporates a formulation applicable to multiphase me-
dia and adopts the effective stress principle described in Chapter 2. Fully-
saturated porous media are formulated in terms of solid displacements and
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excess pore-water pressure. This is commonly known as the u-p formulation
in the literature on porous media (Zienkiewicz and Shiomi, 1984).
The equilibrium statement for the porous medium is identical to Eq. 2.45
developed in Chapter 2. Equilibrium of the finite-element model is approxi-
mated by introducing interpolation functions for the solid displacements. The
fluid-phase flow is assumed to be governed by Darcy’s law to obtain an equa-
tion describing continuity of the fluid phase, similar to Eq. 2.43.
For complete details regarding the treatment of porous media in ABAQ-
US, implementation of tangent contributions, and solution strategy for coupled
problems, reference is made to the ABAQUS-Theory Manual (HKS, 1998).
7.3 Soil Plasticity Model
For the axisymmetric analysis of the caisson installation, nonlinear behav-
ior of the saturated clay is modeled using the bounding-surface plasticity
model described in Chapter 4. This plasticity model is not available within
ABAQUS. Therefore, the FORTRAN subroutine for the plasticity model pro-
vided by Kaliakin (2000) is supplied to ABAQUS/Standard. Interface between
ABAQUS and the plasticity routine is created through the use of a user-defined
subroutine named UMAT. Initial values of history dependent variables (Solution
Dependent Variables - SDV) required in the model are specified using SDVINI
user-defined subroutine.
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7.4 Three-Dimensional Mesh Generation
A three-dimensional finite-element mesh is generated from location of the
nodes in the deformed configuration obtained from the axisymmetric analy-
sis. Depending on availability of computational resources, it may be necessary
to use relatively coarse mesh compared to the one used for the axisymmetric
analysis. In such a case, transfer of nodal field variables and integration-point
state variables should be carried out appropriately. If the inclined load is as-
sumed to act in an azimuthal plane then it is necessary to model only half of
the geometry.
7.5 Transfer of State Variables
The initial state of the soil is described by the stress components σij, porosity
nw, and size of the bounding-surface I0. Therefore, it is necessary to trans-
fer the state parameters obtained at the end of the axisymmetric analysis
to ABAQUS input for three-dimensional analysis. The initial stress compo-
nents are specified using SIGINI user-defined subroutine within ABAQUS.
Both porosity and size of the bounding-surface are specified using the SDVINI
user-defined subroutine within ABAQUS.
Stress components available from the axisymmetric analysis are with
respect to the cylindrical coordinate system. The SIGINI routine requires
initial stress components to be specified with respect to a rectangular carte-
sian coordinate system. Therefore, depending on the azimuthal location of an
integration-point within an element, the stress components are transformed
from the cylindrical system to the rectangular cartesian system using the trans-
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formation law described as:
σ
XY Z = R (θ)T σRθZR (θ) (7.1)
where σXY Z is the stress tensor in the rectangular cartesian coordinate sys-
tem, and σRθZ is the stress tensor in the cylindrical coordinate system. The
rotation tensor is denoted by R, and its components are calculated in terms
of trigonometric functions of the azimuthal angle θ between cylindrical and
rectangular axes.
In addition to the state parameters, it may be necessary to transfer the
excess pore-water pressure, obtained at the end of the axisymmetric analysis,
for three-dimensional analysis. The initial value of the pressure can be specified
using UPOREP user-defined subroutine available within ABAQUS.
7.6 Caisson-Soil Interfaces
Appropriate contact surfaces are defined to represent non-penetration of the
soil (slave) nodes into the caisson (master) surface. Contact-surface pairs for
interior and exterior caisson-soil interfaces are used. The contact surfaces are
generated from the element faces. It is assumed that relative slip between
soil and caisson is negligible for the caisson subjected to inclined loads. Fur-
thermore, formation of gap between caisson and soil was not observed during
laboratory tests reported in Coffman et al. (2004) on caisson subjected to
horizontal load. Therefore, complete “tied” contact between soil and caisson
is specified. Frictional slip along the interfaces is not considered as ABAQUS
does not support frictional models based on effective normal stresses acting
along contact surfaces.
118
7.7 Application of Inclined Load
During the laboratory tests, the inclined load is applied to the caisson by
pulling a thin cable vertically through a pulley as illustrated in Fig. 7.1. The
pulley is located radially at about 12 inch away from face of the caisson.
The vertical position of the pulley can be adjusted to apply load at required













Figure 7.1: Application of inclined load.
The inclined load applied to the caisson is acting in the direction of
the line joining point of load application (pad-eye) and position of the pulley.
Therefore, the direction of load application is continuously changing with the
deformation of caisson-soil system under the load. Initially, the load is acting
along line ab, and at an instant after application of the load, it is acting along
line a′b (see Fig. 7.1). In order to simulate the load application correctly, a
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constraint is imposed on the inclined load such that it is always acting along
the line joining current position of the pad-eye and the pulley.
7.8 Summary
In this chapter, an overview of the ABAQUS software and details regarding
generation of three-dimensional model of soil-caisson system subjected to in-





The computational procedure developed in the previous chapters is applied to
analyze model suction caissons installed and tested at the Offshore Technol-
ogy Research Center (OTRC) of The University of Texas at Austin. In this
chapter, the computational results are presented and verified by comparison
with the experimental observations. An overview of the experimental program
is presented followed by computational results obtained for test-bed prepara-
tion, caisson installation, reconsolidation or setup followed by installation, and
caissons subjected to axial pullout and inclined load.
8.1 Experimental Program
A comprehensive experimental research study is in progress at OTRC on model
suction caissons installed in normally consolidated kaolinite clay deposit sim-
ulating deep seafloor soil conditions. The model suction caisson constructed
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from 4.0 inch (100 mm) diameter anodized aluminum tube having a wall thick-
ness of 0.032 inch is used for all the tests. Overall length of the model caisson
is 36.0 inch (900 mm). A 2.0 inch (50 mm) thick top cap extends into the
caisson and restricts installation of the caisson to about 34.0 inch. An alu-
minum stiffener is welded to the lower half of the caisson to act as pad-eye for
attaching a loading cable for inclined load tests. Sensors such as load cells,
displacement and pore-water pressure transducers are mounted on the cais-
son to monitor its response and movement. Additional details regarding the
experimental program are documented by Pedersen (2001), Mecham (2001),
Luke (2002), and Coffman (2003).
8.1.1 Laboratory Test Sequence
A thick deposit of normally consolidated test-bed is first obtained from kaoli-
nite slurry. A typical laboratory test setup is presented in Fig. 8.1. The model
suction caisson is then installed into the test-bed either by self-weight instal-
lation only or self-weight installation followed by suction installation. After
caisson installation, the excess pore-water pressure generated in the soil is
allowed to dissipate during the so-called “setup” phase (Luke, 2002), during
which reconsolidation of the disturbed soil surrounding the caisson takes place.
The caisson is then subjected to axial (Luke, 2002) or lateral loads (Coffman,
2003). Both rapid and slow rates of axial pullout are considered to simulate
undrained and drained conditions, respectively. During each sequence of test-
ing measurements, such as displacement of caisson, excess pore-water pressure,
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Figure 8.1: Experimental setup.
8.2 Soil Properties
To obtain the void-ratio–pressure (e − p) relationship, Pedersen (2001) per-
formed a series of consolidation tests on small specimens of the slurry. The
consolidation tests were performed using a specialized “slurry consolidometer”
developed by Pedersen (2001). Slurry samples were prepared to obtain target
moisture content of 165%. The relationship between void ratio and effective
pressure as obtained from one of these tests is shown in Fig. 8.2.
The internal friction angle φ for kaolinite is assumed to be equal to 28◦ as
selected in the work by Vásquez (2000). A constant coefficient of permeability
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Experimental data, Test 17 (Pedersen, 2001)
Virgin curve: Linear fit
Recompression curve: Linear fit
Virgin curve: Power law fit
Figure 8.2: Relationship between void ratio and effective pressure.
of the slurry equal to 0.8 × 10−8 cm/sec is assumed.
8.2.1 Bounding-Surface Plasticity Model Parameters
The slopes of the loading (virgin) and unloading (recompression) curves, de-
noted by λ and κ, respectively, are obtained from the e − ln(p) relationship
available for the slurry from consolidation tests performed on small specimens.
Constant values of λ and κ equal to 0.49 and 0.04, respectively, are calculated
from a linear-fit of the test data. It is clear from the e− log(p) graph presented
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in Fig. 8.2 that the relationship is best described by a power law function,
which is expressed as:
e (p) = 4.68 (p)−0.19 (8.1)
From the above equation (Eq. 8.1), the variable slope of the virgin curve is
obtained as:
λ (p) = − de
dln (p)
= 0.89 (p)−0.19 (8.2)
The stress ratio, calculated as the ratio of deviator (q) stress to mean
stress (p) at perfectly plastic conditions in soil represents slope of critical
state line (CSL) in p − q stress space denoted by M . On the basis of the
Mohr-Coulomb failure criterion, the values of M for compression and extension









where subscripts c and e represent compression and extension triaxial tests,
respectively.
The slope of the critical state line in the I − J stress-invariant space is








The parameter R (see Fig. 4.1) is obtained using the values of M , λ, κ,
and Poisson ration (ν), and adopting a closed-form analytical relation devel-
oped by Dafalias and Herrmann (1986) for K0-consolidation:
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In Eq. 8.8, K0 is the coefficient of lateral earth pressure at rest, obtained
as the ratio of effective horizontal and vertical stresses. The coefficient of earth
pressure at rest under normal consolidation is denoted by K0nc and can be
approximated as (Jaky, 1944):
K0nc = 1 − sin (φ) (8.11)
Use of Eqs. 8.6 and 8.11 with the values of Mc (Me), λ, κ, and ν,
the value of the parameter Rc (Re) corresponding to compression (extension)
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triaxial test is obtained. Values for the remaining bounding-surface parameters
were assumed on the basis of recommendations from earlier applications of
the plasticity model (Dafalias and Herrmann, 1986; Herrmann et al., 1987;
and Kaliakin and Herrmann, 1991). The values of all the plasticity model
parameters are listed in Table 8.1.
Table 8.1: Bounding-surface plasticity parameters
Model Parameter Symbol Value
Virgin slope λ 0.49
Recompression slope κ 0.04
Poisson ratio ν 0.30
Slope of CSL (compression) Nc 0.21
Slope of CSL (extension) Ne 0.16
Shape parameter (compression) Rc 1.54
Shape parameter (extension) Re 1.23
Shape parameter (compression) Ac 0.01
Shape parameter (extension) Ae 0.01
Tension shape parameter T 0.01
Projection center parameter C 0.50
Elastic zone parameter sp 1.20
Hardening parameter (compression) hc 1.00
Hardening parameter (extension) he 1.00
It is assumed that the stress point lies on the first ellipse (see Fig. 4.1)
of the bounding-surface during the consolidation test. Eq. 4.20 along with the
selected model parameters (from Table 8.1) can be used in rewriting Eq. 8.2
as:
λ (I0) = 0.41 (I0)
−0.19 (8.12)
where I0 is the size of bounding-surface specified in psi units. In order to
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account for ageing of soil as described by Eq. 4.24, the variation of λ at early
times is taken as Eq. 8.12, and, in the long term, λ is expressed as:
λ (I0)∞ = 0.36 (I0)
−0.13 (8.13)
Therefore, there are three alternate ways of specifying the virgin slope (λ) of
the slurry: constant values of λ equals to 0.49, variation of λ as described by
Eq. 8.12, and ageing of soil as represented by Eq. 4.24 along with Eqs. 8.12
and 8.13. In the simulation results presented in this chapter, the value of τ in
Eq. 4.24 is selected to achieve complete ageing of soil in about 10 days.
8.3 Simulation Sequence
Computational simulation of various test stages is carried out in the sequence
followed in the laboratory:
• Test-bed preparation: Simulation of kaolinite slurry consolidation un-
der the effect of its own weight to obtain normally consolidated test-bed
representing soil conditions at deep-water sites, such as the Gulf of Mex-
ico.
• Caisson installation: Simulation of installation of caisson in the test-
bed by self-weight or self-weight installation followed by suction instal-
lation.
• Reconsolidation or setup: Simulation of dissipation of excess pore-
water pressure generated during the installation process.
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• Axial or inclined pullout: Simulation of pullout of caisson under axial
or inclined loads.
The slurry settlement curve computed from test-bed preparation sim-
ulation was compared with the measured curve reported by Pedersen (2001).
Computed caisson behavior during installation and setup simulations was com-
pared with the behavior reported by Luke (2002) and Coffman (2003). Com-
puted axial and horizontal capacities were compared with the measured ones
reported by Luke (2002) and Coffman (2003), respectively.
The finite-element mesh adopted for the axisymmetric simulations is
presented in Fig. 8.3. 3D finite-element meshes adopted for inclined load
pullout simulation presented in Figs. 8.70 and 8.71 are generated from the
deformed axisymmetric finite-element mesh obtained at the end of reconsoli-
dation simulation.
8.4 Sign Conventions
Normal stress components are positive if tensile. Excess pore-water pressure
is negative if compressive. Thus, positive excess pore-water pressure indicates
suction. In ABAQUS software, the sign convention for excess pore-water pres-
sure is the opposite.
8.5 Results: Test-Bed Preparation
A thick deposit of normally consolidated kaolinite clay was first prepared from
kaolinite slurry. The slurry was thoroughly mixed to obtain a uniform consis-









Figure 8.3: The axisymmetric finite-element mesh.
6 ft tall. The slurry was then allowed to settle under the effect of self-weight,
resulting in a normally consolidated test-bed to represent common deep-water
offshore conditions. The tank was provided with a bottom drainage system to
accelerate the consolidation process by shortening the drainage path. Details
of the preparation and consolidation of the test-bed are presented elsewhere
(Pedersen, 2001; Coffman, 2003; and Olson et al., 2003). Nearly-complete con-
solidation of the slurry was obtained in about seven months (Pedersen, 2001).
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During the seven month period, the initial slurry height of about 61 inch was
reduced to about 45 inch (see Fig. 8.4).
g
Final state of the





Figure 8.4: Schematic showing preparation of the normally consolidated test-
bed.
8.5.1 Initial Conditions
The initial state of the slurry for one-dimensional and axisymmetric consol-
idation simulations is assumed to be uniform as presented in Fig. 8.5 with
(constant) void ratio equal to 4.26 (porosity ≈ 0.81), corresponding to 164%
water content and 2.6 specific gravity of the particles is obtained from the
laboratory measurements (Pedersen, 2001). Furthermore, the initial vertical
effective stress is set to a constant value of 0.1 psf, the initial lateral stresses
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are calculated assuming that the coefficient of lateral stress at rest is equal to
0.53 (see Eq. 8.11) and the initial excess pore-water pressure was calculated















Figure 8.5: Assumed uniform initial state of the slurry.
8.5.2 Simulation Results
In order to obtain a rational state of stress within the soil, the consolidation
of kaolinite slurry was simulated. The simulation of slurry consolidation was
performed adopting both one-dimensional slurry domain and axisymmetric
slurry domain in a 2 ft diameter circular tank. Three alternatives for specifying
the virgin curve slope of the slurry as described in Section 8.2.1 were used for
each domain. The cases investigated for the consolidation simulation are listed
in Table 8.2.
For all the cases, the initial height of the slurry was taken as 61 inch with
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Table 8.2: Consolidation simulation cases
Case ID Dimensionality Specification of Virgin
of Domain Curve Slope
1D-CON One-dimension Constant λ = 0.49
1D-VAR One-dimension Variable λ as per Eq. 8.12
1D-AGE One-dimension Ageing of slurry as per Eq. 4.24
3D-CON Axisymmetric Constant λ = 0.49
3D-VAR Axisymmetric Variable λ as per Eq. 8.12
3D-AGE Axisymmetric Ageing of slurry as per Eq. 4.24
initial conditions as shown in Fig. 8.5 while for the axisymmetric simulations,
the friction coefficient between the tank wall and slurry was taken as 0.45.
Higher values of friction coefficient were also considered but the selection of
the coefficient was based on the required strength profile (see Fig. 8.8). In all
the cases, a free-drainage boundary condition was specified at top and bottom
surfaces of the slurry to represent free surface at the top and bottom drainage
system at the bottom, respectively.
Settlement curves for slurry surface computed from one-dimensional
consolidation are presented in Fig. 8.6. The settlement curves corresponding
to cases 1D-CON and 1D-AGE are similar to each other and both agree well
with the experimental observations reported by Pedersen (2001). Computed
slurry settlement for 1D-VAR case is consistently higher than the observed
settlement, and overpredicts the final settlement of the slurry by 23%.
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Figure 8.6: Slurry surface settlement curves obtained from one-dimensional simulations.
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Settlement curves for slurry surface computed from axisymmetric con-
solidation simulation in a circular tank are shown in Fig. 8.7. Consistently with
one-dimensional simulations, slurry settlement curves computed for cases 3D-
CON and 3D-AGE agree well with the experimental observations. In addition,
the case 3D-VAR overpredicts the final slurry settlement by 14%.
135
Time (day)





































Figure 8.7: Slurry surface settlement curves obtained from axisymmetric simulations.
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The computed slurry settlement for each case from one-dimensional
consolidation simulation was consistently higher than the computed slurry
settlement for corresponding case from axisymmetric consolidation simulation.
Computed lower settlements from axisymmetric simulations is due to effect of
wall friction.
For both one-dimensional and axisymmetric simulations, the computed
slurry settlement for constant virgin slope (λ) and ageing of soil is in good
agreement with the test data. At present, there is limited information available
to quantify the ageing effect. During laboratory tests, an increase in strength of
consolidated test-bed was observed. However, Coffman (2003) from a separate
consolidation test, has reported additional surface settlement of 1.5 inch during
17 months following end of primary consolidation along with decrease in void
ratio and attributed the increase in slurry strength to secondary compression
of the slurry. Considering the relative ease in obtaining the constant slope of
virgin curve, and lack of data to support a description of slurry ageing, the
remaining simulations were carried out adopting a constant value of virgin
curve slope (λ).
Undisturbed undrained shear strength profiles were obtained from the
final states of the slurry for cases 1D-CON and 3D-CON. For the 3D-CON
case, the shear strength profile was computed at the center of the tank and at
4 inch away from the wall. The shear strength profiles were computed from
simulations of the triaxial compression test. The measurements of undisturbed
undrained shear strength profiles at several locations in the rectangular test
tank are reported by Coffman (2003) and were obtained by inserting a T-bar
into the slurry. Computed shear strength profiles along with measured profiles
are presented in Fig. 8.8.
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Undrained undisturbed shear strength (psf)














Measured at location more than 12"
from tank wall (Coffman, 2003)
Measured at location within 12"
of tank wall (Coffman, 2003)
Computed at the center of the 
circular tank from three-dimensional
consolidation analysis




Figure 8.8: Computed and measured undisturbed undrained shear strength
profiles of the slurry.
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The shear strength profile computed for the 1D-CON case is higher
than the measured profile. On the other hand, the computed shear strength
profile for the 3D-CON case falls within the measured minimum and maxi-
mum bounds of the strength. In addition, as observed in the experiment (see
Fig. 8.8), the computed shear strength at 4 inch away from the tank wall is
smaller than the one computed at the center. Of course, the strength profile
computed from one-dimensional simulation is invariant with respect to the lo-
cation in the tank since the effects of sidewall friction are not accounted for
in the one-dimensional simulations. The average reduction in measured shear
strength within 12 inch of the wall is about 22% and the reduction in shear
strength calculated at 4 inch from the tank wall is 12%. Coffman (2003) has
attributed reduction in the shear strength near walls to higher void ratios in
the slurry near walls due to frictional effects.
For 3D-CON case, the computed slurry settlement curve and shear
strength profile match the measured surface settlement and shear strength pro-
file, respectively. Therefore, further simulations of caisson installation, setup
and pullout were carried out using the state of the slurry obtained at the end of
3D-CON simulation. In the following paragraphs, additional numerical results
available from the 3D-CON simulation are presented.
Additional Results for 3D-CON Case
At seven months of consolidation simulation, the slurry with initial height of
61 inch was reduced to 44.7 inch. Undeformed and deformed configurations
of the slurry are shown in Fig. 8.9. Finite-elements adopted to discretize the
slurry are 1 inch deep, and their width varies from 0.5 inch near the tank
center to 4 inch near the tank wall. The top surface of the slurry in the de-
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formed configuration remains almost horizontal, since the slurry near the tank
wall settles only 0.12 inch less than the slurry at the tank center. Labora-
tory consolidation test data presented by Pedersen (2001) shows difference in
settlements at the rectangular tank center and wall of about 1.5 inch. How-
ever, recent consolidation tests conducted by Coffman (2003) show that the
slurry along the rectangular tank wall settled by about the same amount as
the slurry at the center of the tank. Although the wall effect is not noticeable
in the settlement of slurry surface, shearing of finite-elements near the tank
wall is visible in Fig. 8.9(b).
The computed slurry settlement from 3D-CON case at the circular tank
center is again compared with observed slurry settlement at the center of the
rectangular tank, available from the laboratory consolidation test in Fig. 8.10.
As noted earlier, good agreement was found between observed and computed
consolidation curves for the slurry.
Final State of the Slurry
The distribution of effective vertical stress within the slurry at the end of the
consolidation process is shown in Fig. 8.11(a). At any depth, the maximum
vertical stress occurs at the center of the circular tank and decreases with
increase in radial distance. The minimum vertical stress can be seen near the
tank wall. Clearly, the reduction in vertical stress is due to the presence of the
wall. Some of slurry weight is transferred to the wall through friction between
slurry and the wall, causing reduction in the vertical stress. At the bottom
of the tank, the maximum vertical stress is about 0.47 psi. The (constant)
value at the bottom of the tank obtained from one-dimensional consolidation










Figure 8.9: (a) Undeformed and (b) deformed axisymmetric configurations of
the slurry.
per unit tank area. The remaining weight of the slurry corresponding to 0.20
psi vertical stress is transferred to the wall through shearing stresses developed
in the slurry. It is worth noting that the frictional effects observed from the
axisymmetric consolidation simulation (3D-CON) may exceed those in the
rectangular tank used for the laboratory tests.
The distribution of effective radial (lateral) stress within the slurry at
the end of consolidation process is shown in Fig. 8.12. Radial stresses are
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Computed settelement curve (3D-CON)
Observed settlement curve (Pedersen, 2001)
Figure 8.10: Observed and computed (3D-CON) settlement curves for the
kaolinitic slurry.
affected by the presence of the wall and, at any depth, the maximum radial
stress occurs at the center of the tank and decreases towards the wall. There-
fore, the slurry near the center of the tank is most confined. Reduction of both
vertical and confining stresses, as the tank wall is approached, is consistent
with reduction in shear strength profile close to the wall.
Profiles of effective vertical and lateral stresses through the depth at
the tank center are shown in Fig. 8.13. The profiles are nonlinear functions

































































Figure 8.11: Distributions of effective vertical stress obtained from axisym-
metric and 1D consolidation simulations.
depth varies between 0.48 to 0.57. It is clear that the state of stress within
the slurry calculated assuming constant submerged unit weight of slurry and a
constant value for the earth pressure coefficient at rest may not be appropriate.
Furthermore, this simplified approach does not account for frictional effects
due to the presence of the wall.
The distribution of porosity and bounding-surface size (defined as in
Fig. 4.1) within the slurry at the end of consolidation process is shown in































Effective radial stress (psi)
Figure 8.12: Distribution of effective radial stress obtained from axisymmetric
consolidation simulation.
pressed state of the slurry) in agreement with higher vertical and radial stresses
at the center. The compression of the slurry near the center of the tank is also
consistent with the greater size of bounding-surface in Fig. 8.14(b) suggesting
that the slurry is consolidated to higher stresses. Coffman (2003) has reported
higher values of the void ratio of slurry samples obtained from locations close
to the wall.
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Figure 8.13: Profiles of effective vertical and lateral stresses at the tank center.
Dissipation of Excess Pore-Water Pressure
As described earlier, the initial profile of excess pore-water pressure through
the depth was specified to satisfy total equilibrium of the slurry. With con-
solidation of the slurry, dissipation of pore-water pressure begins. Computed
isochrones of excess pore-water pressure through the depth at the tank center
are presented in Fig. 8.15. The essentially parallel but displaced isochrones
in the upper part of the tank are the result of an essentially uniform upward

































































(b) Size of bounding-surface
Figure 8.14: Distributions of (a) porosity and (b) size of bounding-surface (see
Fig. 4.1) obtained from axisymmetric consolidation simulation.
The excess pore-water pressure in the slurry was not completely dissi-
pated in 112 days but only a small increase in surface settlement was calculated
after 112 days. Complete dissipation took place in about 204 days. The shape
of isochrones indicates that the excess pore-water pressure near the bottom
drainage system dissipate more rapidly than the pressure at the surface. A
similar observation is reported by Coffman (2003) from measured excess pore-
water pressure in the slurry at different times and locations.
Dissipation of excess pore-water pressure in the slurry with time is
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Figure 8.15: Isochrones of excess pore-water pressure at the tank center.
shown in Fig. 8.16 at depths 15, 30, and 45 inch below the (initial) slurry
surface. Dissipation of excess pore-water pressure at 45 inch depth started
earlier than at the other two depths. It can be concluded that as bottom of
the tank is approached, the excess pore-water pressure is dissipated at higher
rate than near the surface. This conclusion is in agreement with the measured
excess pore-water dissipation behavior reported by Coffman (2003).
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At 30" below initial mud level
At 15" below initial mud level
At 45" below initial mud level
Figure 8.16: Dissipation of excess pore-water pressure with time at different
depths.
8.6 Results: Caisson Installation
Computed results obtained from caisson installation simulations are presented
in this section. Caissons installed by both self-weight, and self-weight followed
by suction are considered. The deformed geometry and final state of soil ob-
tained at the end of slurry consolidation simulation (3D-CON) were taken as
the initial geometry and state of the soil for caisson installation simulations.
For each installation simulation, a 36 inch long model caisson having 4 inch di-
ameter was installed to 32 inch in the normally consolidated test-bed obtained
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from 3D-CON simulation presented in Section 8.5. Installation simulation by
self-weight is identified as “SWP”, and installation simulation by self-weight
followed by suction is identified as “SUC”.
Simulation of caisson installation, reconsolidation following installation,
and caisson axial pullout were carried out adopting a constant friction coef-
ficient along interior and exterior caisson-soil interfaces. A constant value of
0.16 was selected by calibration of total soil resistance measured during initial
self-weight caisson installation reported in El-Sherbiny (2004) for Test 100603.
Higher values of friction coefficient were also considered but the selection of
the coefficient was based on required soil resistance during initial caisson in-
stallation by self-weight (see Fig. 8.33 and accompanying discussion).
8.6.1 Self-Weight Installation Only
During the laboratory test, the caisson was installed in the test-bed to 32
inch depth in about 200 seconds with a constant rate of installation. The
history of caisson self-weight installation followed during laboratory Test 1-
040802 reported in Luke (2002) is presented in Fig. 8.17. For simulation of
self-weight installation, a comparable rate of caisson installation was specified
(see Fig. 8.17). Caisson installation history from 31 to 32 inch was modified
to obtain zero velocity of caisson at 32 inch of installation.
Test 1-040802 reported in Luke (2002) is the only self-weight installa-
tion test for which excess pore-water pressure were measured. The caisson
behavior measured during and after installation in this test is compared with
the computed behavior. The test was performed at a distance 12 inch away
from the tank wall. The average undisturbed undrained shear strength profile
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Figure 8.17: Time history of caisson installation by self-weight.
reported in Luke (2002) from the tank used for the test was about 60% of
the strength reported at the center of tank from three-dimensional analysis in
Fig. 8.8.
The reference soil-caisson configuration at the beginning of installation
is shown in Fig. 8.18(a). Both the geometry and state of the soil are those
obtained from simulation of slurry consolidation. The deformed configuration
at the end of self-weight installation is shown in Fig. 8.18(b). The soil in the
interior of the caisson, known as plug, has been pushed down by about 0.64
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inch due to caisson insertion.
Observations made during laboratory test suggest that the soil plug
heaved during self-weight installation. This was evident from the observed
slurry flow through the vent holes in the top cap (Luke, 2002). This was not
observed in the simulation of caisson instillation by self-weight presented here.
Simulation results for caisson installation in overconsolidated clay test-bed
presented by Vásquez (2000) showed upward movement of the soil plug using
the soil material model adopted in this study. The reason for the difference in
observed and computed movements of the soil plug presented here is unclear
at this time.
The force required to install the caisson at the specified rate is plotted
against location of caisson tip in Fig. 8.19. At the beginning of the installation
process, an upward force of 2.12 lb is acting on the caisson which is equal to
submerged weight of the caisson. At the end of installation, a downward total
force of 15.07 lb is acting on the caisson. The insertion force at about 11
inch of penetration is negligible, suggesting that the submerged weight of the
caisson is transferred to the soil completely. If were caisson were allowed to
penetrate under its own weight during the insertion simulation, then according
to Fig. 8.19 it would penetrate to about 11 inch depth.
The frictional forces along the exterior and interior soil-caisson inter-
faces are plotted in Fig. 8.20 against location of caisson tip. In addition, the
computed total soil resistance is compared with the measured total soil resis-
tance (Luke, 2002) in Fig. 8.20. Measured total soil resistance is about 60% of
the computed total soil resistance. The difference of 40% is likely due to lower
shear strength of the actual test-bed compared to the one used in the compu-










up to 32 ”
Figure 8.18: (a) Reference and (b) deformed (at the end of self-weight instal-
lation) configurations.
along the interior interface. It is worth recalling that the simulation of test-bed
preparation was calibrated based on measured strength profiles reported by
Coffman (2003).
The excess pore-water pressure was measured during the test at five
sensor locations (pore-water pressure transducers mounted on caisson walls),
shown in Fig. 8.21. Computed (solid lines) and measured (dotted lines) values
of excess pore-water pressure are plotted against location of caisson tip in
Fig. 8.22. The computed excess pore-water pressure near the interior of the
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Figure 8.19: Force required to install the caisson during self-weight installation.
caisson tip (Sensor I3) is higher than the one computed near exterior of the
caisson tip (sensor O2). Measured pore-water pressures at sensors I3 and O2
are similar to each other. At other sensor locations, computed and measured
excess pore-water pressures are in good agreement.
The path of caisson penetration is shown in Fig. 8.23(a). The pene-
tration path is defined in Section 6.1 with reference to Fig. 6.1. For refer-
ence, the caisson wall boundaries (dashed lines) and the caisson tip trajectory
(dashed/dotted center line) are shown in the figure. The soil material parti-
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Total measured soil resistance (Luke, 2002)
Total computed soil resistance
Case: SWP
Figure 8.20: Development of interfacial forces during self-weight installation.
cles located along the solid line in the reference configuration came in contact
with caisson walls in the deformed configuration at the end of installation.
The cumulative volume of soil displaced due to caisson insertion is shown in
Fig. 8.23(b). About 7 cu. inch of soil from caisson interior has moved towards
exterior. The volume of caisson inserted into the soil is about 12.4 cu. inch
and the soil plug volume was reduced by about 7.8 cu. inch due to caisson
insertion.















Figure 8.21: Layout of pore-pressure transducers mounted on the model cais-
son.
wards the end of self-weight installation are shown in Fig. 8.24. Before remesh-
ing the interface between interior and exterior soil domains below the caisson
tip was off the axial direction, and after remeshing the interface became aligned
with the caisson tip in the axial direction. For this instant of remeshing, it can
be seen that the soil from the interior is moving towards exterior. The elements
plotted in solid lines are in the current configuration, and the ones plotted in
dotted line are in original configuration at the beginning of the installation.
The elements plotted in solid lines are in current configurations, and the ones
plotted in dotted line are in the original configuration at the beginning of the
installation.
The distributions of effective radial (lateral) and vertical stresses within
the soil at the end of self-weight installation are shown in Fig. 8.25(a) and (b),
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Figure 8.22: Excess pore-water pressure at five sensor locations during self-
weight installation.
respectively. Radial and vertical stresses within the soil plug are reduced.
An increase in radial stress around caisson exterior can be seen as well as a
maximum increase near the exterior tip of the caisson. The vertical stress
around the caisson exterior has decreased due to caisson insertion. It is worth
mentioning that despite reduction in the effective vertical stresses within the
soil in the vicinity of the caisson, the total vertical stresses in this region
were found to increase in the magnitude. The magnitude of excess pore-water
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Figure 8.23: (a) Path of caisson penetration and (b) cumulative volume of soil
displaced during self-weight installation.
pressure (see Fig. 8.26) was increased within the soil in the vicinity of the
caisson due to insertion. The increase in the magnitude of excess pore-water
pressure caused reduction in the magnitude of effective vertical stress.
The distribution of excess pore-water pressure within the soil domain
at the end of self-weight installation is shown in Fig. 8.26. Higher pore-water
pressure is generated in the interior soil than in the exterior soil, with maximum
pressure of about 1.0 psi near interior caisson tip.








Configuration at beginning of installation
Figure 8.24: Effect of (conforming) remeshing during self-weight installation.
at the end of self-weight installation are shown in Figs. 8.27(a) and (b), re-
spectively. Comparison of porosity distributions at the end of consolidation
(test-bed preparation) simulation [see Fig. 8.14(a)] and at the end of self-
weight installation [see Fig. 8.27(a)] shows a small increase in porosity within
the soil plug and the soil near the exterior vicinity of the caisson at the end of
self-weight installation. On the other hand, comparison of bounding-surface
size distributions at the end of consolidation [see Fig. 8.14(b)] and at the end
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(b) Effective vertical stress
Figure 8.25: Distributions of stresses within the soil domain at the end of
self-weight installation.
within the soil domain at the end of self-weight installation.
Discussion
For the caisson installed completely by self-weight, soil from the caisson interior
moved towards the exterior (see Fig. 8.23). Consequently, the radial stress in
the interior decreased and in the exterior increased [see Fig. 8.25(a)]. Frictional
forces along interior and exterior interfaces are in accordance with changes







































Excess pore-water pressure (psi)
Figure 8.26: Distribution of excess pore-water pressure within the soil domain
at the end of self-weight installation.






































































(b) Size of bounding-surface
Figure 8.27: Distributions of (a) porosity and (b) size of bounding-surface
within the soil domain at the end of self-weight installation.
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8.6.2 Self-Weight Installation Followed by Suction In-
stallation
During the laboratory test, the caisson was installed in the test-bed to 16 inch
depth in 69 seconds with a constant rate of installation, and an additional 16
inch of installation was achieved in 420 seconds by application of suction. The
history of caisson installation followed during laboratory Test 100603 reported
by Coffman (2003) is shown in Fig. 8.28. In the tests, the typical time in-
terval between end of initial self-weight installation and beginning of suction
installation is between 1 to 2 minutes. This time interval is not shown in
the caisson installation history of Fig. 8.28. For simulations, comparable in-
stallation rates were specified during self-weight and suction installations (see
Fig. 8.28). Caisson installation histories from 14 to 16 inch and from 31 to
32 inch were modified to obtain zero velocity of caisson at 16 and 32 inch of
installation, respectively.
The caisson behavior measured during and after installation in Test
100603 reported by El-Sherbiny (2004) will be compared with the computed
behavior. Computed and measured (Coffman, 2003) undisturbed undrained
shear profiles are shown in Fig. 8.8. The test was performed at a distance 12
inch away from the tank wall.
The reference soil-caisson configuration at the beginning of installation
is shown in Fig. 8.29(a). Both the geometry and state of the soil are those
obtained from simulation of slurry consolidation. The deformed configurations
at the end of self-weight and suction installations are presented in Fig. 8.29(b)
and (c), respectively. The soil plug has moved up by about 0.06 inch dur-
ing self-weight installation, and at the end of suction installation an upward
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Figure 8.28: Time history of caisson installation by self-weight and suction.
plug movement of 1.14 inch was calculated. Observations made during the
laboratory test also suggest that the soil plug moved upwards during suction
installation.
The force required to install the caisson at the specified rate during self-
weight installation is plotted against location of caisson tip in Fig. 8.30. At
the beginning of the installation process, an upward force of 2.12 lb is acting
on the caisson, equal to the submerged weight of the caisson. At the end of
















Figure 8.29: (a) Reference configuration, and deformed configurations at the
end of (b) self-weight installation and (c) suction installation.
Insertion force at about 11 inch of penetration is negligible, suggesting that
the submerged weight of the caisson is transferred to the soil completely. If
the caisson were allowed to penetrate under its own weight during an insertion
simulation then according to Fig. 8.30 it would penetrate to about 11 inch
depth.
The computed excess suction required to install the caisson to additional
16 inch is plotted against location of caisson tip and compared with the time
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Figure 8.30: Force required to install the caisson during initial self-weight
installation.
history of suction specified at the top of the soil plug in Fig. 8.31. Computed
and measured (El-Sherbiny, 2004) excess suction under the caisson cap are in
good agreement.
Frictional forces along the exterior and interior soil-caisson interfaces are
plotted in Fig. 8.32 against location of caisson tip. In addition, the computed
total soil resistance is compared with the measured total soil resistance (El-
Sherbiny, 2004) in Fig. 8.32. During self-weight installation phase, the com-
puted and measured total soil resistances agree well with each other. Calibra-
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Figure 8.31: Suction generation below caisson cap during suction installation.
tion of the friction coefficient was carried out using the soil resistance measured
during initial self-weight installation. The good match between measured and
computed soil resistance during self-weight installation indicates appropriate
calibration.
The total soil resistance and frictional forces shown in Fig. 8.32 were ob-
tained for a constant value of coefficient of friction equal to 0.16. Higher values
of friction coefficient were also considered. Total soil resistance curves during
initial self-weight installation were computed using friction coefficient equal to
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0.16, 0.32, and 0.45. They are compared in Fig. 8.33 with the measured total
soil resistance curve reported by El-Sherbiny (2004). It can be noticed from
the comparison that the computed soil resistance for friction coefficient equal
to 0.16 matches the measured soil resistance well. This calibration of friction
coefficient was conducted prior to performing caisson installation simulations.
During the suction installation phase, the computed total soil resistance
is higher than the measured one. The distribution of radial stress within the
soil domain presented later in this section [see Figs. 8.37(a) and (b)] indicates
increase in radial stress within the lower half of the soil plug as well as in the
lower exterior vicinity of the caisson. It is worth noting that the coefficient
of friction was observed to decrease with increase in effective normal pressure
(Pedersen et al., 2003). The difference between computed and measured total
soil resistance during suction installation is due to use of a constant friction
coefficient during simulation of caisson installation by suction. During both
phases of installation, the computed frictional forces along exterior and interior
interfaces are almost identical. On the other hand, for the caisson installed
by self-weight only, the computed frictional force along the exterior interface
is higher than along the interior interface (see Fig. 8.20).
The computed excess pore-water pressures at five sensors (see Fig. 8.21)
are plotted as solid lines against location of caisson tip in Fig. 8.34, while the
dotted lines represent measured excess pore-water pressure (El-Sherbiny, 2004)
at the sensors.
The excess pore-water pressure computed at five locations during self-
weight installation phase is in good agreement with the measured excess pore-
water pressure. Application of suction immediately affects pore-water pressure
within the soil plug. During the suction installation phase, the pressure com-
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Figure 8.32: Development of interfacial forces during self-weight and suction
installations.
puted along the interior interface is suction (positive pressure), and along exte-
rior interface the computed pressure remains negative. The computed suction
along the interior interface (at sensors I1, I2, and I3) during suction instal-
lation compares well with measured suction. At sensors O1 and O2 located
on the exterior interface, suction is measured but the computed pressure is
negative. The computed pore-water pressure at sensor location O2 is affected
by application of suction as the computed pressure remains almost constant
albeit negative during suction installation phase, but the applied suction is
168
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Computed, Friction coefficient = 0.16
Computed, Friction coefficient = 0.32





Figure 8.33: Measured and computed total soil resistance during initial self-
weight installation.
not sufficient to produce suction at this sensor location. Computed pore-
water pressure during suction installation phase at sensor location O1 does
not appear to be affected by applied suction.
The path of caisson penetration is shown in Fig. 8.35(a). The pene-
tration path is defined in Section 6.1 with reference to Fig. 6.1. For refer-
ence, the caisson wall boundaries (dashed lines) and caisson tip trajectory
(dashed/dotted center line) are shown in the figure. The soil material parti-
cles located along the solid line in the reference configuration came in contact
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Figure 8.34: Excess pore-water pressure at five sensor locations during self-
weight and suction installations.
with caisson walls in the deformed configuration at the end of installation.
The cumulative volume of soil displaced due to caisson insertion is shown in
Fig. 8.35(b). During self-weight installation about 1.1 cu. inch of soil displaced
from interior to exterior. With the application of suction, the soil from exterior
started moving towards interior. At completion of suction installation, about
3.5 cu. inch of soil moved from the exterior to the interior. It is worth recalling
that for the self-weight installation discussed in Section 8.6.1, outward move-
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ment of soil throughout caisson insertion process was computed. The total
volume of caisson inserted into the soil is about 12.4 cu. inch and the soil plug
volume increased by about 13.9 cu. inch due to application of the suction.
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Figure 8.35: (a) Path of caisson penetration and (b) cumulative volume of soil
displaced during self-weight and suction installations.
The finite-element meshes before and after remeshing performed to-
wards the end of suction installation are shown in Fig. 8.36. Before remeshing
the interface between interior and exterior soil domains below the caisson tip
was off the axial direction, and after remeshing the interface became aligned
with the caisson tip in the axial direction. For this instant of remeshing, it
171








Configuration at beginning of installation
Figure 8.36: Effect of (conforming) remeshing during suction installation.
The distributions of effective radial (lateral) stress within the soil do-
main at the end of self-weight installation are compared with those at the end
of suction installation in Figs. 8.37(a) and (b), respectively. Clearly, the radial
stress within the soil plug at the end of self-weight installation is lower than
the radial stress towards the caisson exterior. This difference in radial stress
distribution in the vicinity of the caisson is likely due to the outward soil move-
ment. At the end of suction installation, the radial stress near the exterior of
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the caisson tip has been reduced significantly. Inward soil movement during
suction installation has resulted in increase in radial stress within the lower
half of the soil plug. A small increase in radial stress within the upper half
of the soil plug as well as in the lower exterior vicinity of the caisson is also
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Effective radial stress (psi)
(b) End of suction installation
Figure 8.37: Distributions of effective radial stress within the soil domain at
the end of self-weight and suction installations.
The distributions of effective vertical stress within the soil domain
at the end of self-weight installation and suction installation are shown in
Figs. 8.38(a) and (b), respectively. As discussed in Section 8.6.1 for self-weight
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installation, the vertical stress within the soil plug and soil domain near caisson
exterior has been reduced. This is the case at the end of suction installation
as well. The effective vertical stress near the caisson tip and soil plug [bulb
region around caisson tip in Fig. 8.38(b)] is reduced due to the applied suction.
Reduction in vertical stress does not occur in this soil region for the caisson








































































(b) End of suction installation
Figure 8.38: Distributions of effective vertical stress within the soil domain at
the end of self-weight and suction installations.
The distributions of excess pore-water pressure within the soil domain
at the end of self-weight installation and suction installation are shown in
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Figs. 8.39(a) and (b), respectively. At the end of self-weight installation, the
excess pore-water pressure calculated along the interior interface is higher than
the one calculated along the exterior interface. At the end of suction installa-
tion, pressure within the soil plug is entirely suction (positive pressure). The
computed pressure towards the exterior of caisson remains negative but is af-
fected by applied suction, as computed excess pore-water pressure at sensor
location O2 is lower (in magnitude) than the one computed at the end of
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Excess pore-water pressure (psi)
(b) End of suction installation
Figure 8.39: Distributions of excess pore-water pressure within the soil domain
at the end of self-weight and suction installations.
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The distributions of porosity within the soil domain at the end of self-
weight installation and suction installation are shown in Figs. 8.40(a) and (b),
respectively. Comparison of porosity distributions at the end of consolidation
[see Fig. 8.14(a)] and at the end of self-weight and suction installations [see
Figs. 8.40(a) and (b), respectively] shows a small increase in porosity within
the soil plug and the soil near exterior vicinity of the caisson at the end of


































































(b) End of suction installation
Figure 8.40: Distributions of porosity within the soil domain at the end of
self-weight and suction installations.
The distributions of size of bounding-surface within the soil domain
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at the end of self-weight installation and suction installation are shown in
Figs. 8.41(a) and (b), respectively. Comparison of bounding-surface size dis-
tributions at the end of consolidation [see Fig. 8.14(b)] and at the end of
self-weight and suction installations [see Figs. 8.41(a) and (b), respectively]
shows a small change in the size within the soil domain in the caisson vicinity






































































(b) End of suction installation
Figure 8.41: Distributions of size of bounding-surface within the soil domain
at the end of self-weight and suction installations.
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Discussion
For the caisson installed by self-weight followed by suction, soil moved from the
interior to the exterior during self-weight installation, and from the exterior
to the interior during suction installation (see Fig. 8.35). Inward movement of
soil during suction installation produced higher radial stress within the lower
half of the soil plug than the stress in the vicinity of caisson exterior. Applied
suction reduced effective vertical stress near interior caisson tip and below the
soil plug.
8.7 Results: Reconsolidation or Setup
After caisson installation, excess pore-water pressure generated during the
insertion phase is dissipated as the disturbed soil around the caisson recon-
solidates. The simulation of reconsolidation or setup of soil was carried out
for about 48 hours after complete caisson installation to 32 inch by self-weight
installation, and self-weight followed by suction installation. Setup simula-
tion following self-weight installation is identified as “SWP-Setup”, and setup
simulation followed by suction installation is identified as “SUC-Setup”. The
caisson was allowed to move freely during setup simulations.
8.7.1 Setup After Self-Weight Installation (SWP-Setup)
The displacements of soil surface and caisson tip during 48-hour setup is plot-
ted in Fig. 8.42. It can be seen that the caisson, soil plug and soil-surrounding
caisson settled by about 0.4 inch during 48-hour setup.
The computed frictional forces along interior and exterior interfaces
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during SWP-Setup are plotted in Fig. 8.43. At the beginning of setup, the
insertion force acting on the caisson was reduced to zero during the initial
8 seconds of setup simulation. After removal of the insertion force, only the
submerged weight of the caisson was resisted by frictional forces along the
interfaces.
Computed and measured (Luke, 2002) dissipation of excess pore-water
pressures at sensors I1, I2, I3, O1, and O2 during reconsolidation are com-
pared in Fig. 8.44. Both computed and measured excess pore-water pressures
decrease with time over a period of about 2 days. The match between measured
and computed rates of excess pore-water pressure dissipation at all sensors is
good.
The distributions of effective radial (lateral) and vertical stresses in the
soil domain at the end of 48-hour setup simulation are shown in Figs. 8.45(a)
and (b), respectively. It can be seen that the effective radial stress concen-
tration near the caisson exterior tip [see Fig. 8.25(a)] is reduced at the end
of setup simulation [see Fig. 8.45(a)]. At the end of setup, the radial stresses
in the caisson exterior remain higher than in the caisson interior. Compar-
ison of the distributions of effective vertical stress at the beginning of setup
[Fig. 8.25(b)] and at the end of setup [Fig. 8.45(b)] shows that the vertical
stress near the caisson tip increases during setup.
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Figure 8.42: Displacements of soil surface and caisson tip during setup after
self-weight installation.
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(b) Effective vertical stress
Figure 8.45: Distributions of effective radial and vertical stresses within the
soil domain at the end of setup after self-weight installation.
The distribution of excess pore-water pressure within the soil domain at
the end of 48-hour setup is shown in Fig. 8.46(a). Excess pore-water pressures
were dissipated within the entire soil domain except around the caisson tip
after 48 hours of setup (see Fig. 8.44). From the distribution, it can be noticed
that the maximum excess pore-water pressure was about 0.13 psi after 48-hour
setup. Caisson displacement did not cease during the 48-hour setup causing
pore-water pressures to take longer time to dissipate completely.
The reconsolidation simulation was continued till 96 hours of setup to
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investigate long-term dissipation of excess pore-water pressure. The distribu-
tion of excess pore-water pressure within the soil domain at the end of 96-hour
setup is shown in Fig. 8.46(b). From the distribution, it can be noticed that
the maximum excess pore-water pressure within the soil was less than 0.1 psi
after 96-hour setup. From laboratory tests it was observed that the excess
pore-water pressures at sensors after 96 hours of setup were within the preci-
sion of the pressure transducers (El-Sherbiny, 2004). The pressure transducer





























































Excess pore-water pressure (psi)
(b) 96-hour setup
Figure 8.46: Distributions of excess pore-water pressure within the soil domain
at the end of setup after self-weight installation.
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The distribution of bounding-surface size within the soil domain at the
end of 48-hour setup after self-weight installation is shown in Fig. 8.47. From
the comparison between this distribution and the distribution of bounding-
surface size at the end of self-weight installation [see Fig. 8.27(b)], it can be
noticed that the size of the surface within the soil in the vicinity of the caisson




































Figure 8.47: Distribution of size of bounding-surface within the soil domain
at the end of setup after self-weight installation.
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8.7.2 Setup After Suction Installation (SUC-Setup)
The displacements of soil surface and caisson tip during 48-hour SUC-Setup
are plotted in Fig. 8.48. The caisson, soil plug and soil-surrounding caisson
settled by about 0.4 inch during 48-hour setup.
Time (hour)



























Figure 8.48: Displacements of soil surface and caisson tip during setup after
suction installation.
The computed frictional forces along interior and exterior interfaces
during setup are plotted in Fig. 8.49. At the beginning of setup, the suction
acting on the caisson was reduced to zero during the initial 8 seconds of setup
185
simulation. After removal of suction, only the submerged weight of the caisson
was resisted by frictional forces along the interfaces.
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Figure 8.49: Interfacial forces during setup after suction installation.
The computed and measured (El-Sherbiny, 2004) excess pore-water
pressures at sensors I1, I2, I3, O1, and O2 during reconsolidation are com-
pared in Fig. 8.50. Both computed and measured excess pore-water pressures
decrease with time over a period of about 2 days. The match between measured
and computed rates of excess pore-water pressure dissipation at all sensors is
excellent.
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The distributions of effective radial (lateral) and vertical stresses in the
soil domain at the end of 48-hour setup simulation are shown in Figs. 8.51(a)
and (b), respectively. It can be seen that the effective radial stress concen-
tration near the caisson interior tip [see Fig. 8.37(b)] is reduced at the end
of setup simulation [see Fig. 8.51(a)]. At the end of setup, the radial stresses
in the caisson interior remain higher than in the caisson exterior. Compar-
ison of the distributions of effective vertical stress at the beginning of setup
[Fig. 8.38(b)] and at the end of setup [Fig. 8.51(b)] shows that the vertical
stress near the caisson tip increases during setup.
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(b) Effective vertical stress
Figure 8.51: Distributions of effective radial and vertical stresses within the
soil domain at the end of setup after suction installation.
The distribution of excess pore-water pressure within the soil domain
at the end of 48-hour setup is shown in Fig. 8.52(a). Excess pore-water pres-
sure was dissipated within the entire soil domain except around the caisson
tip after 48 hours of setup (see Fig. 8.50). Caisson displacement did not cease
during setup causing pore-water pressures to take longer time to dissipate
completely. Based on 96-hour setup simulation following self-weight installa-
tion [see Fig. 8.46(b)], it can be concluded that the excess pore-water pressure
within the soil domain after suction installation would take more than 96 hours
189
to dissipate completely.
The distribution of bounding-surface size within the soil domain at the
end of 48-hour setup after suction installation is shown in Fig. 8.52(b). From
the comparison between this distribution and the distribution of bounding-
surface size at the end of suction installation [see Fig. 8.41(b)], it can be
noticed that the size of the surface within the soil in the vicinity of the caisson
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(b) Size of bounding-surface
Figure 8.52: Distributions of excess pore-water pressure and size of bounding-
surface within the soil domain at the end of setup after suction installation.
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8.7.3 Discussion
Simulations of soil reconsolidation or setup for 48 hours after caisson instal-
lation were carried out. The caisson was allowed to move freely during setup
simulations. At the end of 48 hours of setup, caisson displacement did not
cease, causing delay in dissipation of excess pore-water pressure around the
caisson tip. In general, after 48 hours of setup, the excess pore-water pressure
was dissipated within the entire soil domain except around the caisson tip.
During setup, both radial and vertical stresses were found to increase.
8.8 Results: Axial Pullout
Simulations of caisson axial pullout were performed following reconsolidation
of the soil domain. During the simulations, the caisson was pulled out axially
at different rates with the caisson cap either vented or closed. The axial pullout
simulations carried out are listed in Table 8.3.
Computed axial pullout capacities are compared with the measured ca-
pacities reported in Luke (2002). Axial pullout tests were performed on caisson
installed by self-weight only and self-weight followed by suction. For the cais-
son installed by suction, initial self-weight penetration was achieved under the
effect of self-weight of caisson. Therefore, initial self-weight installation depth
varies from 9 to 11 inch. For the computations, initial self-weight installation
depth was fixed to 16 inch. For the caisson installed by self-weight only, caisson
penetration to 32 inch was achieved in the tests as well as the computations.
Each of the simulations listed in Table 8.3 is described in the following
sections.
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Table 8.3: Caisson axial pullout cases
Self-weight Suction Pullout Top cap
Simulation insertion insertion rate condition
(inch) (inch)
SWP-VR 32.0 0.0 1.0 inch/sec Vented
SWP-VS 32.0 0.0 1.0 inch/ 2 days Vented
SWP-VD 32.0 0.0 Load controlled † Vented
SWP-CR 32.0 0.0 1.0 inch/sec Closed
SUC-VR 16.0 16.0 1.0 inch/sec Vented
SUC-VS 16.0 16.0 1.0 inch/ 2 days Vented
SUC-VD 16.0 16.0 Load controlled † Vented
SUC-CR 16.0 16.0 1.0 inch/sec Closed
† Load applied in 2.5 lb increments at 6-hour interval till detection of
excessive caisson displacement.
8.8.1 Vented Top, Rapid Axial Pullout
The caissons installed by self-weight only (SWP-VR) and self-weight followed
by suction (SUC-VR) were pulled axially at 1 inch/sec to investigate undrained
behavior with the top open. For vented caisson top, free drainage of water was
allowed from top of the interior soil plug in order to have zero excess pore-
water pressure. Computed capacities from SWP-VR and SUC-VR simulations
were compared with the measured caisson capacities from Tests 1-040802 and
1-041002, respectively, reported by Luke (2002).
SWP-VR
The total axial pullout force and frictional forces along the soil-caisson inter-
faces are plotted against location of caisson tip in Fig. 8.53. The computed
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ultimate capacity was about 20.4 lb, while the measured value was about
24.0 lb (Luke, 2002). As mentioned earlier, the undisturbed undrained shear
strength of soil used in the test reported by Luke (2002) is about 40% lower
than the one used for the computations. The higher strength profile used in
the axial capacity simulations does not explain the difference between mea-
sured and computed caisson capacities for SWP-VR case. The lower computed
caisson capacity is likely due to use of a lower friction coefficient in the present
simulations. The computed frictional force along the exterior interface turned
out higher than the interior frictional force.
The components of ultimate axial capacity are identified in Fig. 8.54.
About 90% of the capacity is derived from the frictional force on the interior
and exterior interfaces of the caisson. The computed tip resistance was neg-
ligible compared to ultimate capacity, but it is worth mentioning that it was
acting in the upward direction. This means the soil at the caisson tip was
pushing the caisson out, and not providing resistance to pullout. A similar
observation was made by Luke (2002) on the basis of calculated (from test
results) values of end bearing forces.
SUC-VR
The total axial pullout force and frictional forces along the soil-caisson inter-
faces are plotted against location of caisson tip in Fig 8.55. The computed
ultimate capacity was about 18.2 lb, while the measured value was about 19.2
lb. As expected from the comparison of effective radial stresses in the interior
and exterior of the caisson, the computed frictional force along the interior
interface was higher than along the exterior interface.
The components of ultimate axial capacity are identified in Fig. 8.56.
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About 90% of the capacity is derived from frictional force on the interior and
exterior caisson interfaces. The computed tip resistance was negligible, and as
with SWP-VR acted in the upward direction.
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Case: SWP-VR (1 inch/sec)
Figure 8.53: Vented axial capacity of caisson at 1 in/sec pullout rate after
self-weight installation.
Interior friction




2.12 lbs (10.40 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
20.39 lbs (100.0 %)
Exterior friction
10.64 lbs (52.18 %)
Case: (1 in/sec)SWP-VR
Figure 8.54: Components of ultimate axial capacity for SWP-VR.
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Case: SUC-VR (1 in/sec)
Figure 8.55: Vented axial capacity of caisson at 1 in/sec pullout rate after
suction installation.
Interior friction




2.12 lbs (11.68 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
18.15 lbs (100.0 %)
Exterior friction
7.27 lbs (40.06 %)
Case: (1 in/sec)SUC-VR
Figure 8.56: Components of ultimate axial capacity for SUC-VR.
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8.8.2 Vented Top, Slow Axial Pullout
The caissons installed by self-weight only (SWP-VS) and self-weight followed
by suction (SUC-VS) were pulled axially at 1 inch per 2 days to investigate
drained behavior with top of the caisson open. Measured caisson capacities
are not available from tests.
SWP-VS
The total axial pullout force and the frictional forces along the soil-caisson
interfaces are plotted against location of caisson tip in Fig. 8.57. The computed
ultimate capacity was 17.8 lb. The frictional force along the exterior interface
was higher than along the interior interface.
The components of ultimate axial capacity are identified in Fig. 8.58.
About 90% of the capacity derived from the frictional force on the interior and
exterior interfaces of the caisson. Computed tip resistance was negligible and
acted in the upward direction.
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Case: SWP-VS (1 inch/ 2 days)
Figure 8.57: Vented axial capacity of caisson at 1 in per 2 days pullout rate
after self-weight installation.
Interior friction




2.12 lbs (11.93 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
17.77 lbs (100.0 %)
Exterior friction
10.43 lbs (58.69 %)
Case: (1 in/ 2 days)SWP-VS
Figure 8.58: Components of ultimate axial capacity for SWP-VS.
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SUC-VS
The total axial pullout force and the frictional forces along the soil-caisson
interfaces are plotted against location of caisson tip in Fig. 8.59. The computed
ultimate capacity was 14.8 lb. The frictional force along the exterior interface
was higher than along the interior interface.
The components of ultimate axial capacity are identified in Fig. 8.60.
About 85% of the capacity comes from the frictional force on the interior and
exterior interfaces of the caisson. The computed tip resistance was negligible
and acted in the upward direction.
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Case: SUC-VS (1 in/ 2 days)
Figure 8.59: Vented axial capacity of caisson at 1 in per 2 days pullout rate
after suction installation.
Interior friction




2.12 lbs (14.32 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
14.80 lbs (100.0 %)
Exterior friction
7.12 lbs (48.11 %)
Case: (1 in/ 2 days)SUC-VS
Figure 8.60: Components of ultimate axial capacity for SUC-VS.
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8.8.3 Vented Top, Drained Axial Pullout
The caissons installed by self-weight only (SWP-VD) and self-weight followed
by suction (SUC-VD) were considered for vented-top drained axial pullout sim-
ulations (SWP-VD and SUC-VD respectively). The caissons were subjected
to a specified axial pullout load time history. The axial load was applied
in 2.5 lb increments at a 6-hour interval until excessive displacement of the
caisson was detected. The computed capacity from SUC-VD simulation was
compared with the measured caisson capacity from Test 1-042502 reported by
Luke (2002). During the laboratory drained axial pullout tests, the increment
of axial load was controlled with respected to desired increase in excess pore-
water pressure, and the load was kept constant until complete dissipation of
generated excess pore-water pressure was achieved. Therefore, both the load
increment and the time interval between two successive load increments were
irregular. Measured caisson capacity for self-weight installation case is not
available from the tests.
SWP-VD
The specified history of axial pullout load along with the computed frictional
forces are shown in Fig. 8.61(a). The maximum axial load applied to the
caisson during simulation was about 18.5 lb. During the initial 24-hour period,
most of the resistance to applied load came from the frictional force along the
exterior interface.
The computed history of caisson tip location is shown in Fig. 8.61(d).
During the initial 30-hour period, the caisson tip moved downward by about
0.07 inch and then started moving upwards with increase in axial pullout force.
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The development and dissipation of computed excess pore-water pres-
sure along the exterior interface (at sensors O1, and O2) and the interior
interface (at sensors I1, I2, and I3) are shown in Figs. 8.61(b) and (c), respec-
tively. At low levels of axial load, the computed excess pore-water pressures
at all sensor locations were less affected, and pressure continued to decrease.
At higher levels, the computed excess pore-water pressures along the interior
interface were affected more than along the exterior interface.
The components of ultimate axial capacity are identified in Fig. 8.62.
About 88% of the capacity is derived from the frictional forces on the interior
and exterior interfaces of the caisson. The computed frictional force along
the exterior interface was about 1.5 times the frictional force along the inte-


































































































2.12 lbs (11.43 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
18.54 lbs (100.0 %)
Exterior friction
9.97 lbs (53.78 %)
Case: SWP-VD
Figure 8.62: Components of ultimate axial capacity for SWP-VD.
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SUC-VD
The specified history of axial pullout load along the computed frictional forces
are shown in Fig. 8.63(a). The maximum axial load applied to the caisson
during simulation was about 17.3 lb. During the initial 24-hour period, most of
the resistance to applied load came from the frictional force along the exterior
interface.
The computed history of caisson tip location is shown in Fig. 8.63(d).
During the initial 30-hour period, the caisson tip moved downward by about
0.08 inch and then started moving upwards with increase in axial pullout force.
The development and dissipation of computed excess pore-water pres-
sure along the exterior interface (at sensors O1, and O2) and the interior
interface (at sensors I1, I2, and I3) are shown in Figs. 8.63(b) and (c), respec-
tively. At low levels of axial load, the computed excess pore-water pressures at
all sensor locations were less affected, and pressure continued to decrease. At
higher levels, computed excess pore-water pressures along interior interfaces
were affected more than along exterior interfaces.
The components of ultimate axial capacity are identified in Fig. 8.64.
About 88% of the capacity derived from frictional forces on the interior and
exterior interfaces of the caisson. The frictional force along the exterior in-
terface was about 0.9 times the frictional force along the interior interface.































































































2.12 lbs (12.29 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
17.25 lbs (100.0 %)
Exterior friction
7.23 lbs (41.91 %)
Case: SUC-VD
Figure 8.64: Components of ultimate axial capacity for SUC-VD.
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8.8.4 Closed Top, Rapid Axial Pullout
The caissons installed by self-weight only (SWP-CR) and self-weight followed
by suction (SUC-CR) were pulled axially at 1 inch/sec to investigate undrained
behavior with the top closed. In the computations, the excess pore-water pres-
sure at the top of soil plug was considered as unknown. It was assumed that
this unknown amount of suction was also acting under the caisson cap. The
computed capacities from SWP-CR and SUC-CR simulations were compared
with the measured caisson capacities from Tests 1-030102 and 1-030802, re-
spectively, reported by Luke (2002).
SWP-CR
The total axial pullout force along with the frictional forces along the soil-
caisson interfaces and suction force under the caisson cap are plotted against
location of caisson tip in Fig. 8.65. The computed ultimate capacity was about
23.4 lb, while the measured value was about 28.0 lb (Luke, 2002). The com-
puted frictional force along the exterior interface was higher than the interior
frictional force.
The components of ultimate capacity are identified in Fig. 8.66. About
42% of the capacity is derived from suction generated under the caisson cap,
while the computed frictional force along the exterior interface contributed
about 42% to the capacity, and the frictional force along the interior inter-
face contributed only about 7% to the capacity. Negligible tip resistance was
computed, acting in the upward direction.
208
Force (lb)


























Case: SWP-CR (1 inch/sec)
Figure 8.65: Closed axial capacity of caisson at 1 inch/sec pullout rate after
self-weight installation.
Suction force




2.12 lbs (9.06 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
23.40 lbs (100.0 %)
Exterior friction
9.85 lbs (42.09 %)
Interior friction
1.63 lbs (6.97 %)
Case: (1 in/sec)SWP-CR
Figure 8.66: Components of ultimate axial capacity for SWP-CR.
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SUC-CR
The total axial pullout force along with frictional forces along the soil-caisson
interfaces and suction force under the caisson cap are plotted against location
of caisson tip in Fig. 8.67. The computed ultimate capacity was about 22.7
lb, while the measured value was about 18.6 lb (Luke, 2002). The frictional
force along the interior interface was higher than the exterior frictional force.
The components of ultimate capacity are identified in Fig. 8.68. About
44% of the capacity is derived from suction generated under the caisson cap.
The frictional force along the exterior interface contributed about 32% to the
capacity, and the frictional force along the interior interface contributed only































Case: SUC-CR (1 in/sec)
Figure 8.67: Closed axial capacity of caisson at 1 inch/sec pullout rate after
suction installation.
Suction force




2.12 lbs (9.34 %)
Tip resistance
0.00 lbs (0.00 %)
Axial capacity
22.69 lbs (100.0 %)
Exterior friction
7.30 lbs (32.17 %)
Interior friction
3.23 lbs (14.24 %)
Case: (1 in/sec)SUC-CR
Figure 8.68: Components of ultimate axial capacity for SUC-CR.
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8.8.5 Summary of Axial Pullout Simulation Results
Computed ultimate axial pullout capacities of caisson installed by self-weight
alone and self-weight followed by suction are compared with the measured
values in Fig. 8.69. The computed ultimate capacity and its frictional as
well as suction components are listed in Table 8.4 (along with the measured
































SWP: Measured (Luke, 2002)
SUC: Computed





































Figure 8.69: Summary of axial pullout capacity and comparison with labora-
tory test results (Luke, 2002).
Computed axial capacities for caisson installed by suction are smaller
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than for the caisson installed by self-weight alone. Close examination of the
distributions of bounding-surface size (soil history dependent variable, I0) at
the end of setup after self-weight installation (see Fig. 8.47) and suction instal-
lation [see Fig. 8.52(b)] indicates that the size within the soil in the vicinity
of the caisson is larger for caisson installed by self-weight alone. This material
parameter is a measure of soil strength, and its larger value suggest stronger
soil. The comparison of the size suggests that the suction application caused
reduction in the soil strength. Computed axial capacities of the caissons are
consistent with this observation.
For axial pullout with vented top, about 85 to 90% of the ultimate ca-
pacity is derived from frictional forces along caisson-soil interfaces. For caisson
installed by self-weight alone and pulled axially with vented top, the frictional
force along the exterior interface is higher than the frictional force along the
interior interface. The higher frictional force along the exterior interface is
consistent with the distribution of radial stresses within the soil near the cais-
son exterior. For caisson installed by suction and pulled axially with vented
top, except for SUC-VS case, the frictional force along the interior interface
is higher than the frictional force along the exterior interface. The higher
frictional force along the interior interface is consistent with the distribution
of radial stresses within the soil plug. The exterior caisson interface attracts
higher force under vented slow axial pullout condition (SWP-VS and SUC-VS).
For the caisson installed by self-weight alone and pulled axially with
closed top, the contribution from suction generated below the cap is about
41.9%, and for the caisson installed by suction, the contribution from suction
is about 44.3%. In both cases, the frictional force along the exterior interface
is much higher than the frictional force along the interior interface.
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Table 8.4: Caisson axial pullout capacity
Simulation Insertion Measured Computed A B C
method capacity capacity ‡ ? ??
(lb) (lb) (%) (%) (%)
(Luke, 2002)
SWP-VR SWP 24.0 20.4 52.2 37.4 –
SWP-VS SWP † 17.8 58.7 29.4 –
SWP-VD SWP † 18.5 53.8 34.8 –
SWP-CR SWP 28.0 23.4 42.1 7.0 41.9
SUC-VR SWP+SUC 19.2 18.2 40.1 48.3 –
SUC-VS SWP+SUC † 14.8 48.1 37.6 –
SUC-VD SWP+SUC 20.0 17.3 41.9 45.8 –
SUC-CR SWP+SUC 18.6 22.7 32.2 14.2 44.3
† Test data not available.
‡ Exterior frictional force contribution.
? Interior frictional force contribution.
?? Suction contribution.
Overall there is good agreement between computed and measured axial
capacities under all drainage and loading conditions.
8.9 Results: Inclined capacity
The ultimate capacity of caissons installed by self-weight alone and self-weight
followed by suction and subjected to inclined load was computed using ABAQU-
S software. First, the horizontal load capacity of the caisson was computed
for various pad-eye locations. Then, the inclined load capacity of the caisson




The deformed axisymmetric mesh of caisson-soil system obtained at the end
of reconsolidation simulation was transformed to a 3D mesh. This 3D mesh
was specified as initial geometry for ABAQUS to perform simulation of cais-
son behavior subjected to inclined loads. Three-dimensional meshes obtained
for self-weight installation only and self-weight followed by suction installa-
tion are shown in Figs. 8.70 and 8.71, respectively. The inclined load was
assumed to act in an azimuthal plane. Thus, one-half of the caisson-soil sys-
tem was modeled. Appropriate boundary conditions were specified on the
plane of symmetry. Additional details regarding three-dimensional analysis
using ABAQUS can be found in Chapter 7.
8.9.2 Horizontal Capacity
Simulations of the caisson subjected to horizontal load at various pad-eye
locations were performed. Pad-eye locations of 1, 8, 9, 10, 11, 12, 15, 17,
and 36 inch from the caisson tip were considered for caissons installed by
self-weight only and self-weight followed by suction. Computed horizontal
capacities at various pad-eye locations for caisson installed by self-weight alone
and self-weight followed by suction along with measured horizontal capacities
for caisson installed by self-weight followed by suction are shown in Table. 8.5.
Caisson Installed by Self-Weight Only
The computed ultimate horizontal capacities of caissons installed by self-
weight only and subjected to horizontal load at different pad-eye locations
are presented in Fig. 8.72. Measured horizontal capacities are not available
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Table 8.5: Caisson horizontal load capacity
Depth of Computed Computed Measured
load attachment capacity capacity capacity
below mudline (SWP)? (SUC)?? (Coffman, 2003)??
(Location above (lb) (lb) (lb)
caisson tip)
(inch)
+4.0 (36.0) 18.0 17.3 †
-15.0 (17.0) 47.3 46.0 42.1
-17.0 (15.0) 55.3 54.0 †
-20.0 (12.0) 71.9 69.9 68.2
-21.0 (11.0) 78.5 76.4 74.1
-22.0 (10.0) 85.5 81.9 73.9
-23.0 (9.0) 81.4 77.9 †
-24.0 (8.0) 76.4 73.1 73.7
-31.0 (1.0) 43.4 44.8 48.4
? Caisson installed by self-weight only.
?? Caisson installed by self-weight and suction, and measured capacity
corrected for pulley friction.
† Test data not available.
from test data for these cases. Maximum computed ultimate horizontal ca-
pacity of caisson was achieved for pad-eye located at 10 inch above the caisson
tip.
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Figure 8.70: Caisson-soil 3D mesh at the end of 48-hour setup following self-
weight installation.
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Figure 8.71: Caisson-soil 3D mesh at the end of 48-hour setup following suction
installation.
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Ultimate horizontal load capacity (lb)

































Figure 8.72: Ultimate horizontal load capacity of caisson installed by self-
weight.
The horizontal load as a function of horizontal displacement of the pad-
eye located at 10 inch above the caisson tip is presented in Fig. 8.73. The
ultimate horizontal load capacity of about 85.5 lb was achieved at about 1
inch of lateral pad-eye movement. In Test 100603, the corrected measured
horizontal load of 73.9 lb was achieved at about 0.5 inch lateral pad-eye move-
ment (Coffman, 2003). The distribution of excess pore-water pressure in the
soil domain at ultimate horizontal load for pad-eye located at 10 inch from the
caisson tip is shown in Fig. 8.74. Excess pore-water pressure developed within
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the soil in the vicinity of caisson front. Suction developed in the back of the
caisson.
The distribution of effective radial stress in the soil domain at ultimate
horizontal load for pad-eye located at 10 inch from the caisson tip is shown
in Fig. 8.75. It is worth mentioning that the effective radial stresses within
the soil in the back of the caisson are greatly reduced due to development of
suction but remain compressive.
Horizontal displacement padeye (inch)























Padeye locattion: 10" above caisson tip
Figure 8.73: Load-displacement curve for caisson installed by self-weight and
subjected to horizontal load at 10 inch above caisson tip.
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Caisson Installed by Self-Weight and Suction
The computed ultimate horizontal capacity of caisson installed by self-weight
and suction and subjected to horizontal load at different pad-eye locations is
presented in Fig. 8.76. Also shown in the figure is the ultimate horizontal
capacity measured by Coffman (2003) for caisson installed by suction. Pad-
eye load was measured with a load cell connected to the load cable above
the water line and was corrected for frictional losses in the buried pulley on
the basis of calibration tests (Coffman, 2003 and 2004). About 10 to 20%
of the measured load was lost to pulley friction (Coffman, 2004). Due to
significant uncertainty in the magnitude of pulley friction, an error band for the
corrected capacity reported by Coffman (2004) is also shown in Fig. 8.76. The
match between (corrected) measured and computed horizontal load capacity
of caisson is excellent. Maximum computed ultimate horizontal capacity of
caisson was achieved for pad-eye located at 10 inch above the caisson tip.
The horizontal load as a function of the horizontal displacement of the
pad-eye located at 10 inch above the caisson tip is presented in Fig. 8.77. The
ultimate horizontal load capacity of about 81.9 lb was achieved at about 0.9
inch of lateral pad-eye movement. In the Test 100603, the corrected measured
horizontal load of 73.9 lb was achieved at about 0.5 inch lateral pad-eye move-
ment (Coffman, 2003). The distribution of excess pore-water pressure in the
soil domain at ultimate horizontal load for pad-eye located at 10 inch from the
caisson tip is shown in Fig. 8.78. Excess pore-water pressure developed within
the soil in the vicinity of caisson front. Suction developed in the back of the
caisson.
The distribution of effective radial stress in the soil domain at ultimate
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horizontal load for pad-eye located at 10 inch from the caisson tip is shown
in Fig. 8.79. It is worth mentioning that the effective radial stresses within
the soil in the back of the caisson are greatly reduced due to development of

















Figure 8.74: Distribution of excess pore-water pressure at ultimate horizon-
tal load acting at 10 inch above tip of the caisson installed by self-weight


















Figure 8.75: Distribution of effective radial stress at ultimate horizontal load
acting at 10 inch above tip of the caisson installed by self-weight (−ve value
indicates compressive stress).
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Ultimate horizontal load capacity (lb)

































[Coffman, 2003 and 2004]
Range of experimental data
(Coffman, 2004)
Figure 8.76: Ultimate horizontal load capacity of caisson installed by self-
weight and suction.
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Horizontal displacement padeye (inch)






















Self-weight followed by suction installation
Padeye locattion: 10" above caisson tip
Figure 8.77: Load-displacement curve for caisson installed by suction and

















Figure 8.78: Distribution of excess pore-water pressure at ultimate horizontal
load acting at 10 inch above tip of the caisson installed by suction [−ve value

















Figure 8.79: Distribution of effective radial stresses at ultimate horizontal
load acting at 10 inch above tip of the caisson installed by suction (−ve value
indicates compressive stresses).
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Comparison of Computed Horizontal Capacities
A comparison of horizontal capacities computed for caisson installed by self-
weight alone and by self-weight followed by suction is presented in Fig. 8.80.
Computed capacities for caisson installed by suction were found to be smaller
than computed capacities for caisson installed by self-weight alone.
Ultimate horizontal load capacity (lb)


































Figure 8.80: Comparison of computed horizontal capacities.
As noted earlier, the bounding-surface size in the vicinity of the caisson
at the end of setup after self-weight installation (see Fig. 8.47) was found
to be larger than the size at the end of setup after suction installation [see
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Fig. 8.52(b)]. This comparison indicates lower soil strength in the vicinity of
the caisson installed by suction. The computed horizontal capacities of the
caissons are consistent with this observation.
8.9.3 Interaction Diagram
Simulations of caisson subjected to inclined load at 10 inch above the caisson
tip were performed for the caisson installed by self-weight only and self-weight
followed by suction. Angles of load inclination investigated are 0, 15, 22 1
2
,
30, 45, 60, and 90 degree. Computed inclined load capacities are shown in
Table 8.6.
Table 8.6: Caisson inclined load capacity
Load inclination Computed capacity Computed capacity
(degree) for SWP† for SUC‡
(Horizontal, Vertical) (Horizontal, Vertical)
(lb) (lb)
0 85.5, 0.0 81.9, 0.0
15 72.1, 20.4 69.4, 19.4
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59.5, 26.1 56.9, 24.7
30 45.0, 28.7 42.6, 26.8
45 26.1, 29.8 24.4, 27.6
60 15.1, 30.0 14.0, 27.7
90 0.1, 30.1 0.1, 27.8
† Caisson installed by self-weight only.
‡ Caisson installed by self-weight and suction.
From the simulations, the interaction diagram between ultimate hor-
izontal and vertical loads was obtained. While the horizontal and vertical
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loads reach their maximum values at different level of displacement, the ul-
timate horizontal and vertical loads are identified as the ones for which the
second-order work becomes zero. The interaction diagrams obtained for the
caissons installed by self-weight and self-weight followed by suction are pre-
sented in Fig. 8.81. The capacity of the caisson subjected to inclined load and
installed by application of suction is smaller by about 4% than that of the
caisson installed by self-weight only. Reduction in the inclined load capacity
for the caisson installed by suction is consistent with the reduced soil strength
in the vicinity of the caisson due to application of suction. Effect of caisson
rotation on the load angle at ultimate state can be noticed in Fig. 8.81 (see,
for example, dotted line at 45◦).
For load angles up to 15◦, caisson moves almost horizontally, and for
load angle greater than 30◦ caisson moves almost vertically. Transition from
horizontal movement to vertical movement occurs for load angles between 20◦
to 25◦.
8.9.4 Summary of Inclined Load Simulation Results
Maximum ultimate horizontal capacity, for caisson installed by self-weight
alone and self-weight followed by suction, was achieved for the pad-eye located
at 10 inch above the caisson tip. Recalling that the caisson was installed to 32
inch, the “optimum location” of the pad-eye for horizontal load was found to
be at about two thirds of the embedded depth. The match between (corrected)
measured (Coffman, 2003) and computed horizontal capacities is excellent.
For all the pad-eye locations, except for the pad-eye located at 1.0 inch
from the caisson tip, the ultimate horizontal capacity was lower (see Table 8.5)
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Ultimate horizontal load (lb)



































Figure 8.81: Ultimate horizontal and vertical loads interaction diagram for
caisson subjected to inclined load at 10 inch above caisson tip.
for the caisson installed by suction then for the caisson installed by self-weight
only. The computed interaction diagram for pad-eye located at 10 inch from
tip of caisson installed by suction was completely contained by the diagram
computed for caisson installed by self-weight alone and pad-eye located at 10
inch from the tip (see Fig. 8.81).
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8.10 Summary
In this chapter, the computational procedure developed in the previous chap-
ters was employed in the analysis of model suction caissons installed and tested
at the Offshore Technology Research Center (OTRC) of The University of
Texas at Austin. The computational results along with comparisons with
the experimental observations were presented. Test-bed preparation, caisson
installation, soil reconsolidation or setup following installation, and caissons
subjected to axial pullout and inclined load were analyzed and studied. For
each of the simulations, computed results were observed to be in good agree-





9.1 Review of Project Scope and Objectives
This dissertation has documented a research study investigating the behavior
of suction caissons installed in normally consolidated clayey soil and subjected
to axial and inclined loads. Specifically, the research study has been focused
on the development of a computational procedure for the analysis of suction
caissons subjected to various loading and drainage conditions.
Suction caissons are hollow cylinders capped at the top. In deep-water
applications, the caissons are lowered to the seafloor and allowed to penetrate
the bottom sediments under self-weight, then pushed to the required depth
via differential (suction) pressure applied by pumping water out of the caisson
interior. Use of suction caissons as foundations for deep-water offshore struc-
tures and anchors for mooring lines has been increasing in the last decade.
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Suction caissons are an attractive option with regard to providing anchorage
for floating structures in deep-water as they offer a number of advantages in
that environment.
In contrast to driven piles, the offshore industry has not reached consen-
sus on design guidelines for suction caissons as several issues and uncertainties
related to capacity estimation and failure mechanisms are still not resolved.
Several attempts have been made in the past toward understanding caisson
behavior from field tests, laboratory tests, and numerical simulations.
This study is part of a comprehensive research project on improving cur-
rent understanding and developing effective design procedures for deep-water
anchors. The objectives of this study are: (1) to develop a computational
framework to simulate behavior of suction caissons and to estimate their capac-
ities under axial as well as inclined loads, including effects of both self-weight
and suction installations; and (2) to calibrate and validate the computational
procedure by comparing computed caisson behavior with the measured be-
havior during laboratory tests conducted on model suction caissons at The
University of Texas at Austin (Luke, 2002; and Coffman, 2003).
9.2 Summary of Major Project Tasks and Find-
ings
In order to study behavior of suction caissons subjected to various loading and
drainage conditions, a finite-element computational framework was developed.
In addition, to validate and calibrate the procedure, simulations of laboratory
caisson model tests performed at the Offshore Technology Research Center of
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The University of Texas at Austin, were carried out. In the following para-
graphs, the major tasks related to the development of the procedure and the
computed results are summarized.
9.2.1 Modeling of Saturated Soil and Caisson
The behavior of the saturated, porous, clayey soil was described using a mix-
ture theory accounting for coupling between the soil deformation and the pore-
water flow. Saturated soil was thus modeled as a two-phase medium composed
of soil and pore-water phases. The governing differential equations of the
medium were expressed in terms of solid displacements, Darcy’s velocities and
excess pore-water pressure.
Axisymmetric discretization of the soil medium was accomplished with
eight-node, quadratic, isoparametric, underintegrated finite-elements for solid
displacements and Darcy’s velocities. Continuous discretization of excess pore-
water pressure was applied using four-node bilinear finite-elements. The cais-
son was represented using conventional, axisymmetric, eight-node solid finite-
elements for displacements.
9.2.2 Modeling of Soil Constitutive Behavior
The nonlinear behavior of the clayey soil was modeled through a bounding-
surface plasticity model for isotropic cohesive soils. The model is based on
the concepts and principles of critical state soil mechanics. The bounding-
surface is a reliable and versatile concept for representation of clay behavior
along arbitrary stress and strain paths. The constitutive model provided the
relationship between soil effective stress and strain increments.
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9.2.3 Modeling of Soil-Caisson Interfaces
The interior and exterior soil-caisson interfaces were modeled with a contact
algorithm based on a slide-line formulation allowing for large relative displace-
ments between the caisson and the soil. The slide-line formulation involved
nodes on the soil side of the interface and surface elements on the caisson side.
In the contact algorithm, penetration of soil nodes into the caisson was
prevented by means of constraints imposed on the solid displacement using
Lagrange multipliers. In addition, continuity of Darcy’s velocity and excess
pore-water pressure were enforced using Lagrange multipliers. Friction be-
tween the soil and the caisson was assumed to obey the classical Coulomb law.
Stick and slip conditions were distinguished according to the level of interface
frictional force in comparison with the Coulomb force, which was taken equal
to the effective compressive (normal) force multiplied by the soil-caisson inter-
face friction coefficient. Therefore, for a slave node in contact with a surface
element, contact contributions arising from constraining solid displacement,
Darcy’s velocity, and excess pore-water pressure and contribution from the
frictional interface were added to the tangent stiffness matrix and the residual
vector during Newton iterations.
9.2.4 Remeshing Scheme
A remeshing tool was developed to eliminate the need for a priori specification
of the caisson penetration path. As installation of the caisson progresses,
the finite-element mesh was adjusted so that the line of nodes below the tip
remained straight in the axial direction. By performing this adjustment, it
was possible to eliminate over- or under-confinement of the soil in the caisson
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interior, and also permitted calculation of the path of penetration in the soil
domain.
Mapping of field variables from the current finite-element mesh to the
adjusted one was carried out using least-squares estimation, also referred to as
global smoothening procedure, applied over the selected set of finite-elements
below the caisson tip and along the soil-soil interface.
9.2.5 Three-Dimensional Analysis
Three-dimensional problems arising for caissons subjected to inclined loads
were analyzed using ABAQUS, a commercially available finite-element pro-
gram. The deformed geometry, and field as well as state variables obtained
from the caisson installation analysis, performed using the developed compu-
tational procedure, were specified as initial geometry and conditions for the
three-dimensional analysis.
The FORTRAN routine for the bounding-surface plasticity model was
supplied to ABAQUS using UMAT user-defined subroutine. The 3-D model of
the caisson-soil system was generated from the final locations of the nodes
obtained from axisymmetric installation analysis followed by setup. Initial
conditions such as stresses, history dependent variables for the soil, and excess
pore-water pressure were specified using SIGINI, SDVINI, and UPOREP user-
defined subroutines, respectively. Complete “tied” contact between soil and




Computations were carried out in a sequence that closely follows laboratory
model tests. The sequence of steps was: a) preparation of the soil test-bed
starting with the original slurry; b) installation of the caisson by self-weight
and suction; c) reconsolidation or setup of the soil; and d) application of axial
or inclined load on the caisson under either drained or undrained conditions.
For the first step, the initial state of the soil domain was obtained from the
experimental data. For each of the remaining steps, the initial state of the soil
domain was obtained from end of the previous step.
9.2.7 Simulation Results
Simulations were performed on model caissons in the sequence outlined in the
preceding section. The computed behavior of the caisson was compared with
the observed behavior from laboratory tests conducted at Offshore Technology
Research Center on model caissons and reported by Luke (2002) and Coffman
(2003). In the following sections, findings from each simulation are presented
along with comparison with test data.
Test-Bed Preparation
Simulation of slurry consolidation was performed to obtain a normally consol-
idated test-bed. One-dimensional as well as three-dimensional axisymmetric
consolidation simulations were carried out with three alternative void-ratio–
pressure relationships. The axisymmetric consolidation simulation was devised
to take into account effects of the tank wall on the consolidation process and
final state of the slurry. The test-bed obtained from axisymmetric consol-
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idation analysis with a constant value of virgin slope (3D-CON) was con-
sidered further for simulation of caisson installation. The slurry settlement
curve obtained from the 3D-CON simulation was found to agree well with
measured slurry settlement curve reported by Pedersen (2001). In addition,
undisturbed undrained shear strength profiles, at the center of the tank and
near the tank wall, computed for the simulated test-bed matched the measured
shear strength profiles reported by Coffman (2003).
Caisson Installation
Installation simulations were carried out for caissons installed by self-weight
alone and self-weight followed by suction. The normally consolidated test-bed
obtained from 3D-CON analysis was taken as the initial soil condition with 36
inch long model caisson having 4 inch diameter.
• Caisson installed by self-weight alone: For the caisson installed
by self-weight alone, the installation depth of 32 inch was achieved in
about 200 seconds with a constant rate of penetration. The computed
behavior of caisson during self-weight installation was compared with
the measured behavior during laboratory test 1-040802 reported by Luke
(2002).
The remeshing algorithm developed to determine the caisson penetration
path showed that soil from interior of caisson moved towards the exterior
during self-weight installation. The soil plug moved down by about 0.64
inch with caisson insertion. Due to outward soil movement, effective ra-
dial stresses within the soil plug were computed to be smaller than the
stresses computed near caisson exterior. Consequently, the computed
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frictional force along the interior interface was smaller than the force
along the exterior interface. Due to caisson insertion, reductions in ef-
fective vertical stress within the soil plug as well as near the exterior of
caisson were noted. The computed excess pore-water pressure towards
caisson interior was higher than the pressure computed near caisson ex-
terior.
Computed and measured excess pore-water pressures at five sensor lo-
cations were compared. Maximum discrepancy between computed and
measure pressures was found for the sensors (I3, and O2) located near
caisson tip. For other sensors (I2, I1, and O1) the match between com-
puted and measured pressures was good.
• Caisson installed by self-weight followed by suction: For the
caisson installed by self-weight followed by suction, initial self-weight
installation to 16 inch was achieved in about 69 seconds, and additional
penetration of 16 inch was achieved in about 420 seconds with applica-
tion of suction. The computed behavior of the caisson during self-weight
and suction installations was compared with measured behavior during
laboratory Test 100603 reported by Coffman (2003).
The remeshing algorithm developed to determine the caisson penetration
path showed that soil from interior of caisson moved towards exterior
during initial self-weight installation, and soil moved from the exterior
towards the interior during suction installation. The soil plug moved
upwards by about 1.14 inch at the end of suction installation. Effective
radial stresses within the soil plug were found to be higher than those
near the exterior of the caisson. The computed frictional forces along
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exterior and interior interfaces were about the same. Reduction in effec-
tive vertical stress was calculated during self-weight as well as suction
caisson installations. The computed excess pore-water pressure within
the soil plug was higher than the pressure computed near the caisson
exterior during the initial self-weight installation phase.
The computed and measured excess pore-water pressures at five sen-
sor locations were compared. The match between computed and mea-
sured pressure at all sensor locations during initial self-weight installa-
tion phase was very good. Excess pore-water pressures computed along
the interior interface (at sensors I3, I2, and I1) during suction instal-
lation were in excellent agreement with the measured pressure. Excess
pore-water pressure along the exterior interface (at sensors O1, and O2)
during suction installation remained negative (compressive) while suc-
tion (positive pressure) was measured at these sensors.
Overall a good match between computed and measured behavior of
caisson during installation phases was found.
Reconsolidation or Setup
Two days of reconsolidation or setup simulation of soil after caisson instal-
lation was performed. During the setup time of two days, the excess pore-
water pressures generated within the soil due to caisson insertion were allowed
to dissipate. The computed rates of excess pore-water pressure dissipation
for caisson installed by self-weight alone and self-weight followed by suction
were compared with the measured rates from Tests 1-040802 (Luke, 2002) and
100603 (Coffman, 2003), respectively.
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Although computed and measured dissipation rates were found to be in
good agreement, it became evident that complete dissipation of excess pore-
water pressure was not achieved after two days of setup. In addition, movement
of caisson did not cease after the two-days period. Therefore, it is recom-
mended that additional reconsolidation simulations be carried out to compute
setup time for complete dissipation of excess pore-water pressure.
Axial Pullout Capacity
Caisson axial pullout simulations were performed following soil reconsolida-
tion. The caisson was axially pulled out rapidly or slowly with the top vented
or closed. Comparisons of computed axial capacities and the capacities re-
ported by Luke (2002) showed good agreement. The axial capacity computed
for the caisson installed by suction was found to be smaller than the capacity
computed for the caisson installed by self-weight alone.
For the caisson axially pulled with vented top, the frictional force along
caisson-soil interfaces contributed about 90% of the resistance. On the other
hand, for caisson installed by self-weight alone and axially pulled with closed
top, about 42% of the resistance was obtained from suction generated below
the cap, and additional 42% of resistance was obtained from the frictional force
along the exterior interface. For the caisson installed by suction and axially
pulled with closed top, about 44% of the resistance was obtained from suction
generated below the cap, additional 32% of resistance was obtained from the
frictional force along the exterior interface.
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Inclined Load Capacity
The deformed configuration and state of soil obtained at the end of recon-
solidation simulation were used in generating a three-dimensional mesh and
the initial conditions for ABAQUS input to perform simulations of caissons
subjected to inclined loads.
The ultimate horizontal load capacity was computed for several pad-
eye locations, and compared with measured and corrected values reported
by Coffman (2003). Excellent agreement was found between measured and
computed capacities. For the caisson installed by self-weight alone as well as
self-weight followed by suction, the maximum ultimate horizontal capacity was
obtained with the pad-eye located at 10 inch from caisson tip, i.e., at about
two thirds of the embedded depth of the caisson. The computed horizontal
capacity for caisson installed by suction was found to be smaller than the
capacity computed for caisson installed by self-weight alone.
Interaction diagrams for ultimate horizontal and vertical loads were
obtained for the caissons installed by self-weight alone and self-weight followed
by suction, and pad-eye located at “optimum point” (at 10 inch from caisson
tip). The computed inclined load capacity for the caisson installed by suction
was found to be smaller than the capacity for the caisson installed by self-
weight alone.
9.3 Recommendations for Future Study
This numerical study has suggested a number of possibilities for future research
and improvements to the computational procedure:
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• Bounding-Surface Plasticity Model Parameters: There is need for
performing additional, preferably triaxial, tests for improved calibration
of bounding-surface plasticity model.
• Coefficient of Friction: Higher value of coefficient of friction at lower
normal interfacial pressure was observed during experiments (Pedersen,
et al., 2003). Therefore, there is a need for improving the contact for-
mulation to allow the coefficient of friction to be a function of normal
interfacial pressure.
Reduction in friction coefficient during suction installation can be ex-
pected due to increase in radial stress within lower half of soil plug.
Simulation of caisson installation by suction was carried out with a con-
stant coefficient of friction. The measured soil resistance during suction
installation was smaller than the computed resistance. This suggests that
decrease in friction coefficient during suction installation is an important
phenomenon and can be incorporated within the frictional contact algo-
rithm by considering the friction coefficient as a function of effective
normal pressure.
Caisson installation as well as axial pullout simulations were carried out
adopting a constant friction coefficient. Computed axial pullout capacity
was lower than measured axial pullout capacity. If evidence of change in
coefficient of friction during setup becomes available then axial pullout
simulations should be repeated adopting the updated friction coefficient.
The friction coefficient along caisson-soil interface is an important factor
governing behavior of caisson during installation as underload. A de-
tailed analytical study will provide insight into the effects of coefficient
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of friction on caisson behavior.
• Assumed State of Stress: Axial as well as inclined loading simula-
tions with assumed state of stress should be carried out in order to fully
understand the effects of caisson installation process.
• Relative Slip under Inclined Loads: For analysis of caissons sub-
jected to inclined loads, slip along the caisson-soil interfaces was not
allowed. Slip along the interface is expected to occur and may have
some effect on caisson capacity. In order to investigate any effect of slip
along the interface, it is necessary to carry out additional simulations in
which slip along the interface is allowed to occur.
• Three-Dimensional Implementation: An axisymmetric implemen-
tation of the computational procedure was employed in the present study.
A three-dimensional implementation of the procedure with comparable
capabilities is highly desirable.
• Capacity under Time-Varying Loads: Additional simulations of
caissons subjected to complex time-varying loads should be carried out
in order to fully characterize the pullout behavior.
• Misalignment of Inclined Load: Inclined loads are generally not
aligned along an azimuthal plane. In such cases, it is necessary to
model the complete geometry of caisson-soil system, a computationally
demanding yet important effort.
• Setup Time for Suction Installed Caissons: Computed dissipation
of excess pore-water pressure for caisson installed by self-weight alone
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and self-weight followed by suction showed that pressure was not dissi-
pated completely after two days of setup time. It is necessary to carry
out additional setup simulations to compute the time required for com-
plete dissipation of excess pore-water pressure, and study the effect of
longer setup time on the capacity.
• Suction Induced Capacity Reduction: It was speculated by Coff-
man (2003) that caisson capacity was reduced by the application of suc-
tion during installation. The computed results presented in Chapter 8
also show smaller capacity, under axial as well as inclined loads, for cais-
sons installed by suction. The difference between computed capacities
for caisson installed by self-weight alone and self-weight followed by suc-
tion turned out to be rather small. Further studies, experimental and
computational, of this issue are appropriate.
• Shape of Caisson Tip: The amount and direction of displaced soil
during installation can be controlled by the shape of the caisson tip.
Therefore, it may be beneficial to study the effect of shape of the caisson
tip in order to optimize the overall performance.
• Caisson Stiffeners: Stiffeners, both circumferential and vertical, pro-
vided in the caisson interior for stability during installation may have
some influence on caisson capacity. To quantify such effects on the ca-
pacity it is necessary to perform additional experiments and simulations
of caissons with stiffeners.
• Domain Truncation: The soil domain selected for simulations was
truncated at a radial distance of 12 inch from center of the caisson.
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The selected size of truncated domain is based on the laboratory test
on model caisson installed at 12 inch away from the tank wall. This
boundary may have an effect on computed behavior of the caisson. To
eliminate any influence of truncated soil domain on the caisson capacity,
additional simulations with a greater soil domain should be performed.
• Coefficient of Permeability: The simulations were carried out with a
constant coefficient of permeability of the slurry. However, coefficient of
permeability is generally found to be a function of void ratio as presented
by Mesri and Olson (1971) and Pedersen (2001). It is therefore necessary
to perform additional simulations with variable permeability coefficient
to study its effect on behavior of the caisson and setup time.
In the development of governing equations for soil, permeability tensor
was assumed to be isotropic. Anisotropy of permeability tensor can
be included into the formulation easily to study its effect on caisson
behavior.
• Comparison with Limit Plasticity Solution: A limit plasticity solu-
tion has been developed by Aubeny et al. (2003a and 2003b) for predict-
ing capacity of caisson subjected to inclined loads. The procedure can
be refined or improved by comparison with the finite-element simulation
results presented in Chapter 8.
• Calculation of α and Nc Values: The factor α is ratio of caisson-
soil shearing stress to undrained shearing strength of soil, and Nc is
end bearing capacity factor. These two are most important factors in
the development of simplified equations to calculate capacity of caisson
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subjected to various loading and drainage conditions. It would be helpful
to design engineers if these factors are extracted from the computed
capacities presented in Chapter 8.
9.4 Conclusions
The results of this numerical study have elucidated several aspects of caisson
behavior under various loading and drainage conditions. A computational pro-
cedure has been developed, capable of simulating caisson installation process,
by self-weight followed by suction, and subsequent removal under axial loads
and failure under inclined loads. The results obtained from the simulations
were compared with the measurements available from the model tests on cais-
sons. Good agreement between computations and measurements points to the
usefulness of the computational procedure as a tool in understanding caisson









































































































































Expressions for the submatrices are provided in the following sections.
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A.2 Residual Vectors































The matrix representation of second term in Eq. A.2 is given in Ap-
pendix B.











































































































































































































































































































































Derivation of Eq. A.16 is presented in Appendix B. In Eq. A.17, the
matrix NJ relates the increment in the Jacobian, ∆J , to the increment of the








































































T ρw(1 − n0)
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In this appendix, the contributions of virtual work related to stress in the solid
phase appearing in the solid momentum balance equation is obtained. For
Newton iterations contributions to both the tangent matrix and the residual
vector are obtained following the approximation proposed by Nagtegaal (1982).
This approximation leads to an updated Lagrangian formulation, in which the
geometry and field variables are updated upon convergence in a step, and for
the following step variables are referred to the updated configuration.
For reference purposes, the virtual work term related to (effective) stress




[grad (δu)]T σdv (B.1)










The increment in the Green-Lagrange strain tensor dE is related to





grad (du) + [grad (du)]T + [grad (du)]T [grad (du)]
}
(B.3)
The variation in the Green-Lagrange strain tensor δE is related to the





grad (δu) + [grad (δu)]T (B.4)
+ [grad (du)]T [grad (δu)] + [grad (δu)]T [grad (du)]
}
The deformed position xt ≡ x at the end of a step is related to reference
position xτ and du as:
x = xτ + du ⇒ grad (x) = I + grad (du) (B.5)





[grad (x)]T [grad (δu)] + [grad (δu)]T [grad (x)]
}
(B.6)
The Cauchy stress tensor σ and second Piola-Kirchhoff stress tensor S






S = JfσfT (B.8)
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where the deformation gradient F, its inverse f , and the Jacobian J are given
by:
F = grad (x) (B.9)
f = F−1 (B.10)
J = det [F] (B.11)





δE (S + dS) dV
+→ R (B.12)
In Newton iterations, the corresponding contribution to the tangent
stiffness matrix KTangent is given by:
∫
Ωτ






[grad (∆u)]T [grad (δu)] + [grad (δu)]T [grad (∆u)]
}
(B.14)
and due to symmetry of the second Piola-Kirchhoff stress tensor
(S + dS) ∆ (δE) = (S + dS) [grad (∆u)]T [grad (δu)] (B.15)









The objective of the following discussion is to approximate ∆S adopting
a suitable form of constitutive relation for large-deformation problems.
The constitutive relation between rate of the Cauchy stress σ̇ and the
deformation rate D is given by:
σ̇ = DD (B.17)
where D is the material stiffness tensor. The relationship represented by
Eq. B.17 can be written in corotational Cartesian system as:
σ̇
c = DcDc (B.18)
where:
σ̇
c = RσRT (B.19)
Dc = RDRT (B.20)
In the above expressions R is the (orthogonal) rotation tensor in the
polar decomposition of the deformation gradient given by:
F = RU (B.21)
Therefore,
f = F−1 = U−1R−1 = VRT (B.22)
with U being the right stretch tensor that is symmetric and positive definite.
The relation between deformation rate D and the Green-Lagrange strain
rate is given as:
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D = fT Ėf (B.23)
Use of Eqs. B.22 and B.23 into Eq. B.20 leads to
Dc = VĖV (B.24)
A corotational logarithmic strain increment dec is calculated by inte-








With the use of the expression
VV = [I + 2E]−1 (B.26)
a series expansion of V is obtained as:




EEE + . . . (B.27)
With the use of Eq. B.27 in Eq. B.25, the corotational logarithmic strain














It is assumed that the ėc = Dc is constant during the increment ∆t














Therefore, the increment in the corotational logarithmic strain within an iter-
ation is approximated after linearization of Eq. B.28 as:
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∆ec = (I − dE) ∆E (I − dE) = V∆EV (B.30)
With the use of the above equation, Eq. B.18 becomes:
∆σc = DcV∆EV (B.31)
From Eqs. B.8 and B.22, the second Piola-Kirchhoff stress tensor can
be written as:
S = JVσcV (B.32)
Therefore, the increment of S is given by:




With the assumption that V is close to unity, following approximations are
obtained
∆V = V∆E (B.34)
∆J
J
= V · ∆E (B.35)
Use of Eq. B.31 along with the approximations from Eqs. B.34 and B.35,
Eq. B.33 is rewritten as:
∆S = JV (DcV∆EV)V + ∆ES + S∆E + (V · ∆E)S (B.36)
Now adopting the finite-element discretization:
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u = NU (B.37)
Define a matrix B such that
grad (u) = BU (B.38)
grad (δu) = BδU (B.39)
and B̄ such that
δB = B̄grad (δu) = B̄BδU (B.40)
∆B = B̄grad (∆u) = B̄B∆U (B.41)











JV (σc + dσc)VdV (B.42)
A matrix W is defined such that for any tensor A
VAV = WA (B.43)











W (σc + dσc) JdV (B.44)
Furthermore, matrices C1, C2, and C3 can be defined such that
∆ES + S∆E = C1∆E (B.45)
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(V · ∆E)S = C2∆E (B.46)
and
grad (∆u) (S + dS) = C3grad (∆u) (B.47)
With the use of Eqs. B.43, B.45, B.46, and B.47 in Eqs. B.36, and B.16, the


























The penetration of a slave node into the master segment and the virtual work
performed by the internal (total) normal forces are given by:
l = nTHsX (C.1)
Π̂cs = (δUs)
T HTs nλs (C.2)







T nλs + H
T










∆ξ = Hs, ξ∆ξ = Gs∆ξ (C.5)










− Gs, ξXtTHs + ‖GsX‖Gs
]
∆Us (C.7)
A = ‖GsX‖2 + lnTGs, ξX (C.8)
The contribution arising from Eqs. C.3 and C.4 to the system of equa-

















































K12 = −HTs n (C.11)
K21 = −nTHs (C.12)
C.2 Darcy’s Velocity
The normal component of relative Darcy’s velocity and the virtual work per-







T HTr nλr (C.14)
In incremental form, the above equations become:
∆lr = ∆n
THrV







T nλr + H
T









∆ξ = Hr, ξ∆ξ = Gr∆ξ (C.17)
The contribution arising from Eqs. C.15 and C.16 to the system of






















































































































K32 = −nTHr (C.22)
C.3 Excess Pore-Water Pressure
The difference in the excess pore-water pressure and the virtual work per-



























∆ξ = Hp, ξ∆ξ = Gp∆ξ (C.27)
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The contribution arising from Eqs. C.25 and C.26 to the system of































































‖GsX‖GTp tTHs + lGTp nTGs
]
(C.29)









K32 = −Hp (C.32)
C.4 Interface Friction
C.4.1 Stick Condition
The relative tangential (solid) velocity and the virtual work performed by the
internal frictional force are given by:
m = tTHsV
s (C.33)
Π̂cF, Stick = (δUs)
T HTs tλf (C.34)
In incremental form, the above equations become:
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∆m = (∆t)T HsV
s + tT ∆HsV
s + tTHs∆V
s (C.35)




T tλf + H
T











− Gs, ξXtTHs + ‖GsX‖Gs
]
∆Us (C.37)
The contribution arising from Eqs. C.35 and C.36 to the system of



















































































The virtual work performed by the Coulomb frictional force acting along the
interface is given by:
Π̂cF, Slip = − (δUs)T HTs tFf = (δUs)T HTs tµ (λs − λr) f (m) (C.42)
In incremental form, the above equations become:




T tµ (λs − λr) f (m)
+HTs ∆tµ (λs − λr) f (m)
+HTs tµ (∆λs − ∆λr) f (m)







∆m = f (m), m ∆m (C.44)
The contribution arising from Eq. C.43 to the system of equations is




















































































































K12 = −µf (m)HTs t (C.47)




The virtual work of the normal forces due to pore-water pressure acting on
the interface in the release (open-gap) condition is given by:
Π̂cR = (δUs)
T HTs nλr (C.49)





T nλr + H
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The contribution arising from Eq. C.50 to the system of equations is



















































































K13 = −HTs n (C.53)
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